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ABSTRACT 
The kinetics and mechanism ofthe oxidation of proposed vanadium (IV) species at conditions 
prevalent in the Stretford desulphurisation process have been investigated in this study. The British 
Gas Stretford Process employs vanadate to oxidise hydrogen sulphide to elemental sulphur, and the 
vanadium(IV) formed by the process is reoxidised to vanadium (V) by air oxidation in the presence 
of a catalyst. 
Several studies have been published which indicate that the mechanism of vanadium redox cycles is 
complex and very dependent on the plant feed gas and operating parameters. These studies have 
been critically reviewed and an experimental program undertaken to determine, in a rational manner, 
the effect ofthe pertinent operating parameters on vanadate speciation, and hence on the reaction 
kinetics and mechanism. 
The major vanadate species that determine the process kinetics are a dimer and cyclic tetramer. It has 
been confirmed that the vanadium(IV) complexes formed by the reduction of the vanadate dimer are 
oxidised at a faster rate than those formed by the vanadate tetramer. It has also been speculated that a 
carbonated form of the vanadate cyclic tetramer may be formed under certain conditions which, when 
reduced, reoxidises faster than the un carbonated species but slower than the dimeric species. The 
important parameters that control the proportion of the dimer and tetramer have been established; 
these are the total alkalinity and vanadium concentration, TAN ratio, pH and sulphate concentration. 
The effect of varying the conditions on the vanadate speciation was studied by vS! NMR and Raman 
spectroscopy. In order to follow the reoxidation ofV(IV) to V(V) and obtain quantitative kinetic 
information about this reaction, the British Gas laboratory scale oxidiser was upgraded. From 
laboratory oxidation tests, rate constants and reaction orders have been determined as a function of 
the process conditions. Reaction mechanisms which are consistent with the observed kinetics are 
considered. 
Recommendations are given on the optimal process parameters to enhance the performance of 
Stretford plants, and the effect on process design has been investigated. 
ACKNOWLEDGEMENTS 
I would like to acknowledge British Gas for sponsoring and providing the laboratory facilities used in 
this research. 
I would like to thank colleagues and friends at British Gas for their valuable advice. In particular I 
would Ii~e to thank Chris Sweeney and David Jacobi for sharing with me their experience in 
Stretford process chemistry and plant operation. 
I would like to thank Professor Mike Streat from Loughborough University Chemical Engineering 
department for guidance in preparing this thesis 
I would also like to acknowledge the following members of Loughborough University Chemistry 
department; Professor Derek Woollins for his advice on appropriate analytical methods, Alex 
Macklin for producing the Raman Spectra and John Kershaw for carrying out the V" NMR analysis. 
Finally I would like to thank friends and relations for being patient with me over the last three years, 
in particular Paul for his encouragement and understanding. 
CONTENTS 
1 INTRODUCTION 
1.1 The British Gas Stretford Process 
1.1.1 The Original ADA Process 
1.1.2 The Present ADANanadium Double Redox Process 
1.2 . Objectives of the Present Study 
2 STRETFORD PROCESS CHEMISTRY 
2.1 Absorber and Reaction Tank Chemistry 
2.l.l An Introduction to Vanadium (V) Speciation 
2.1.2 The Reduction Reaction Mechanism and Kinetics 
2.2 Oxidiser Chemistry 
2.2.1 Vanadium (IV) Speciation in the Oxidiser 
2.2.2 ADA Addition 
2.2.3 Reaction Mechanism and Kinetics ofV(IV) Oxidation 
3 VANADATE SPECIATION AND ITS EFFECT ON THE 
STRETFORD PROCESS 
3.1 The Aqueous Chemistry of the Vanadate Ion 
3.l.l Vanadate Monomers 
3.1.2 Vanadate Dimers 
3.1.3 Vanadate Trimersl Tetramers 
3.1.4 Vanadate PentamerslHexamers 
3.2 The Influence of Vanadate Speciation on the Oxidation ofStretford Process Solutions 
3.3 The Influence ofSpeciation on the Absorber Process 
3.4 Summary of the Effect of Vanadate Speciation on the Absorber and Oxidiser Processes 
3.5 Objectives of Research 
3.5.1 . The Effect of Total Alkalinity 
3.5.2 The Influence of TAN Concentration Ratio 
3.5.3 The Influence of Absolute Total Alkalinity and Vanadium Concentration 
3.5.4 The Effect of Low Total Alkalinity 
3.5.5 The Influence of Bicarbonate/Carbonate Molar Concentration Ratios (pH) 
3.5.6 The Ability of ADA to Catalyse the Oxidation of Both Vanadium Species 
3.5.7 Species Stabilisation After Several OxidationlReduction Cycles 
3.5.8 Speciation in Real Plant Solutions 
2 
3 
6 
7 
7 
10 
10 
10 
11 
12 
12 
14 
15 
16 
17 
17 
23 
27 
28 
28 
28 
30 
30 
30 
30 
31 
31 
3.5.9 Effect of Sulphate Levels 31 
3.5.10 Effect of Varying ADA on Oxidation 31 
4 ASSESSMENT OF THE USE OF RAMAN SPECTROSCOPY TO IDENTIFY 
VANADATE SPECIATION 33 
4.1 Introduction to Raman Spectroscopy 33 
4.2 Preliminary Experiments with Raman Spectroscopy 34 
4.2.1 Experimental 34 
4.2.2 Results and Discussion 35 
4.2.3 Conclusion 36 
5 DETERMINATION OF VANADATE SPEC lA TION USING V SI NMR 
SPECTROSCOPY 40 
5.1 Introduction to NMR Spectroscopy 40 
5.1.1 Assignment of Chemical Shifts 40 
5.2 Preliminary Experiments to Evaluate NMR Facilities 43 
5.3 NMR Analysis 44 
5.3.1 Results 44 
5.3.2 Discussion 45 
5.3.3 Conclusion 46 
6 RE COMMISSIONING OF THE LABORATORY SCALE OXIDISER 
6.1 The Existing British Gas Laboratory Oxidiser 50 
6.1.1 Reduction Vessel 50 
6.1.2 Oxidiser Vessel 53 
6.1.3 Sampling! Autotitration Apparatus 53 
6.2 The Initial Assessment of the Existing Laboratory Scale Oxidiser 56 
6.2.1 Quality Assurance Tests 56 
6.2.2 Investigation into the Variation in Oxidation Curve with Varying TA 58 
6.3 Alterations to the Laboratory Scale Oxidiser 60 
6.3.1 Alterations to OxidationlReduction Apparatus 60 
6.3.2 Reproducibility of Sampler/ Autotitration Process 61 
6.3.3 Increasing the N umber of Data Points 62 
6.3.4 pH Control 64 
6.4 Evaluation of Improvements 64 
7 EXPERIMENTAL PROCEDURES 
7.1 Reagent and Reagent Preparation 
7.1.1 Reagents 
7.1.2 Preparation of Vanadium Stock 
7.1.3 Preparation of Acid Mix 
7.1.4 Ferrous Ammonium Sulphate 
7.2 Determination of Vanadate Species 
7.2.1 Solution Preparation 
7.2.2 NMR Analysis 
7.3 Reduction/Oxidation Reaction 
7.3.1 Solution Preparation 
7.3.2 Reduction Step 
7.3.3 Oxidation Step 
8 RESULTS OF NMR INVESTIGATION AND OXIDATION TESTS 
8.1 Vanadate Speciation 
8.2 Oxidation Reaction 
8.2.1 Determination ofV(IV) Concentration During Oxidation 
8.2.2 Oxidation Curves and Details of Extrapolated Data 
8.3 Kinetic Analysis 
8.3.1 Initial Rate Method 
8.3.2 Integral Method 
9 DISCUSSION 
72 
72 
73 
73 
74 
74 
74 
74 
76 
76 
76 
77 
79 
95 
95 
95 
106 
106 
107 
9.1 Variation of Total Alkalinity at Constant Vanadium Concentration 112 
9.1.1 The Effect of Total Alkalinity on Vanadate Speciation 112 
9.1.2 The Effect of Total Alkalinity on the Oxidation Reaction Kinetics 114 
9.2 Variation of Vanadium Concentration at Constant Total Alkalinity 121 
9.2.1 The Effect of Vanadium Concentration on Vanadate Speciation 121 
9.2.2 The Effect of Vanadium Concentration on the Oxidation Reaction Kinetics 122 
9.3 The Effects of Absolute Total Alkalinity and Vanadium Concentration at Constant· 
9.3.1 
9.3.2 
TAN Ratio 
The Effect of Absolute Total Alkalinity and Vanadium Concentration on 
Vanadate Speciation at Constant TAN Ratio 
The Effect of Absolute Total Alkalinity and Vanadium Concentration on 
Oxidation Reaction Kinetics at Constant TAN Ratio 
123 
123 
124 
9.4 The Effect of Low Absolute Total Alkalinity and Vanadium Concentration 126 
9.4.1 The Effect of Low Absolute Total Alkalinity and Vanadium Concentration 
on Vanadate Speciation 126 
9.4.2 The Effect of Low Absolute Total Alkalinity and Vanadium Concentration 
on the Oxidation Reaction Kinetics 127 
9.5 The Effect of pH 128 
9.5.1 The Effect of pH on Vanadate Speciation 128 
9.5.2 The Effect of pH on the Oxidation Reaction Kinetics 129 
9.6 The Effect of ADA Addition 133 
9.6.1 The Effect of ADA Addition on Vanadate Speciation 133 
9.6.2 The Effect of ADA Addition on the Oxidation Reaction Kinetics 134 
9.6.3 The Effect of ADA Concentration 135 
9.7 The Effect of Sulphate Addition 136 
9.7.1 The Effect of Sulphate Addition on Vanadate Speciation 136 
9.7.2 The Effect of Sulphate Addition on the Oxidation Reaction Kinetics 137 
9.8 Effect of Multiple Oxidation Reduction Cycles 139 
9.9 Speciation in Real Plant Solutions 139 
10 THE CONSEQUENCES OF CONTROLLING VANADATE SPECIATION 
ON STRETFORD PLANT DESIGN 141 
10.1 Oxidiser Design 141 
10.2 Design of a Typical Stretford Plant 142 
10.3 Determination of New Factors 146 
10.3.1 The TAN Factor (FTA<ov) 146 
10.3.2 The ADA Factor (F ADA) 148 
10.4 Validation of Correlations 150 
10.5 Effect of New Correlations on Plant Design 151 
11 LIMITATIONS OF THIS STUDY AND FURTHER WORK 
11.1 Limitations of the Modified Residence Time Calculations 156 
11.1.1 Solutions with Low TAN ratios 156 
11.1.2 Solutions with TAN> 12 and Low Absolute Total Alkalinity 156 
11.1.3 The ADA Factor 156 
11.1.4 High Total Alkalinity and Sulphate Levels 157 
11.1.5 The Effect of pH on Speciation 157 
11.2 Consequences on Plant Design 157 
11.2.1 Air Velocity 
II .2.2 Absorber Chemistry 
12 CONCLUSIONS 
REFERENCES 
APPENDIX 1 
Method I - Preparation of Stretford Solutions 
Method 2 - Preparation of Vanadate Stock Solution 
Method 3 - Manual Monitoring ofV(V) Reoxidation 
Method 4 - Determination of Total Alkalinity 
Method 5 - Standardisation ofO.025M Ferrous Ammonium Sulphate 
Method 6 - Total Vanadium Determination 
APPENDIX 2 
ADA Activity 
APPENDIX 3 
Results From Oxidation Reactions 
APPENDIX 4 
Integrated Rate Plots 
APPENDIX 5 
Calculation of the Error in the Rate Constant 
158 
158 
159 
160 
164 
164 
165 
166 
167 
168 
169 
170 
181 
189 
1 INTRODUCTION 
The Stretford desulphurisation process was developed by the North Western Gas Board (now part of 
BG plc) and the Clayton Aniline Company in the 1950's for the removal of hydrogen sulphide from 
coal gas [I]. The process removes hydrogen sulphide from gas streams by converting it to elemental 
sulphur in aqueous alkaline solution. This liquid process was developed to replace a gas solid 
purification process which was expensive, labour intensive, dirty, and produced a low value, low 
purity product. The process is now applied to a wide variety of gas streams containing hydrogen 
sulphide; for example, coke oven gas, coal gas, refinery gas and natural gas [2]. 
1.1 THE BRITISH GAS STRETFORD PROCESS 
A typical Stretford process unit diagram is given in Fig I. The gas containing hydrogen sulphide 
enters the absorber where it is contacted with an alkaline solution. The hydrogen sulphide is 
absorbed and time is allowed for it to be oxidised to elemental sulphur. The reduced solution, 
containing elemental sulphur, is then pumped to an oxidiser. Air is introduced to reoxidise the 
solution and the sulphur particles are separated by flotation into a slurry tank. The process solution is 
reoxidised and recirculated back to the absorber. The overall reaction is [1,3]; 
H,S + Y, 0, ---+ Hp + S (I) 
The process has undergone development since its first introduction. Originally the process made use 
of ADA (sodium salt of anthraquinone disulphonic acid) only as a catalyst for hydrogen sulphide 
oxidation. The present Stretford process uses both vanadium and ADA. 
1.1.1 The Original ADA Process 
The original process solution, used briefly in the early 1960's, contained sodium carbonate and 
bicarbonate and the sodium salts of the 2,6 and 2,7 isomers of ADA. Further details of ADA use are 
discussed in Chapter 2. 
ADA was used to oxidise the hydrogen sulphide to sulphur in the following stages [I]; 
i) Absorption of H,S into carbonate solution 
Na,CO, + H,S ---+ NaHS + NaHCO, (2) 
-J-
ii) Reduction of ADA (represented as RC;O) 
;ONa 
2RC 
\ 
SH 
iii) Reaction of ADA I sulphur complex with dissolved oxygen to produce sulphur 
t Na (ONa 2R + Y, 0, ---> RC;O + R + 2S + NaOH 
\ \ 
SH H 
NaHCO, + NaOH ---> Na,CO, + Hp 
iv) The reoxidation of ADA 
+ Y,O, 
H 
(3) 
(4) 
(5) 
(6) 
The amount of sulphur produced is limited by the amount of dissolved oxygen in solution, which 
generally penmitted a maximum sulphur loading of35 - 40 ppm HS·. Excess HS·loading resulted in 
the fonmation of thiosulphate in the working solution. The other limitation of this process was the 
slow reaction time for sulphur fonmation, requiring long residence times and large solution volumes. 
1.1.2 The Present ADANanadium Double Redox Process 
In order to increase the process efficiency, further research was initiated by North Western Gas in the 
1960's. Addition of sodium metavanadate to the process solution changed the reaction mechanism by 
which elemental sulphur is fonmed. Hydrogen sulphide reacts with V(V) to produce V(lV) and 
sulphur. The V(lV) is reoxidised by air in the presence of ADA catalyst to fonm V(V), which is 
recirculated. This enabled a significant increase in the HS· loading to 500 ppm or more, with the 
metavanadate being adjusted according to the bisulphide loading. The process chemistry is 
complicated and discussed in more detail in Chapter 2, however it is summarised here by the 
following reaction stages (1,3]; 
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A bsorber Reaction 
Absorption of H,S 
Na,CO, + H,S --+ NaHS + NaHCO, 
The pentavalent vanadium oxidises the bisulphide to elemental sulphur and the overall absorber 
reaction is 
2Y'+ + HS' --+ 2y4+ + S + H+ 
These reactions are initiated in the absorber and completed in the delay tank. 
Oxidiser Reaction 
(2) 
(7) 
The reduced solution is circulated to the oxidiser. Y(IY) is not easily reoxidised by air, and so ADA 
is used to increase the reaction rate. 
ADA 
2y4+ + y, 0, + H+ --+ 2Y'+ + OH' (8) 
The role of ADA is complex and detailed in Chapter 2. The air serves to float off the sulphur from 
the top of the oxidising vessel which is collected in the sulphur tank. The oxidised vanadium 
solution is recirculated to the absorber. This stage is slow and by products such as thiosulphate, 
sulphite and sulphate can be formed. The reduction loxidation circuits of the process are illustrated 
in Fig 2. 
1.2 OBJECTIYES OF THE PRESENT STUDY 
The reactions described in the previous section represent an outline of the Stretford process 
chemistry. Several studies over the past ten years have shown that the mechanism of the reaction, 
and speciation of both reactants and products are considerably more complex, and that these are 
significantly altered by changes in process parameters. 
Particularly important process parameters are the total alkalinity, TA (defined as the total equivalent 
sodium carbonate) and the ratio of the HCO,'ICO," concentrations, which determine the pH of the 
solutions. It has been observed in laboratory tests and during plant operations that the parameters 
have a considerable effect on the absorber and oxidiser chemistry, 
This study is concerned with the effect ofthese parameters on the oxidation processes ofStretford 
plants. Plant operations and bench scale studies [4,5,6,7] have shown that the rate of oxidation of 
Y(IY) is increased by an increase in TA concentration. The objectives of the present study were the 
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following; 
I. To veriry the previous work concerning the effect of TA on the oxidiser chemistry 
2. To identiry the vanadate species present in the process solution and determine the effect of TA, 
vanadium, sulphate, ADA concentration and pH on the vanadate speciation. 
3. To quantiry the effect of these parameters by experimental measurement of the chemical 
kinetics ofV(IV) oxidation reactions. 
4. To elucidate the mechanism of the V(IV) oxidation process as a function of these parameters 
5. To assess the role of ADA at high TA operating conditions 
6. To investigate the influence of changes in V(IV) oxidation chemistry on the overall plant design 
and performance 
The published and internal British Gas literature about the process chemistry is reviewed in detail in 
Chapter 2, and previous work on vanadate speciation in Chapter 3. The process conditions for which 
the kinetics have been investigated in the study are detailed in Section 3.5. 
Chapters 4 and 5 describe the studies which identified the vanadate speciation at the chosen reaction 
conditions. The experimental kinetic studies are described in Chapters 6 to 8. 
The results are discussed in Chapter 9 and mechanisms which account for the observations are 
proposed. 
The implications of the present study on Stretford plant operations are considered in Chapter 10. A 
complete Stretford plant design using the oxidiser sizing methods currently used by British Gas 
Research and Technology is presented. The correlations used to design the oxidiser have been 
modified using data from this study and these new correlations validated by a commercial plant 
operating at high TA. An example design is used to elucidate the effect of TA on capital and 
operating costs of the plant. 
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Figure I Schematic Diagram oCa Stretfon! Process Unit 
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2 STRETFORD PROCESS CHEMISTRY 
The basic Stretford process is described in the previous chapter. The absorber and oxidiser reactions 
are described in detail in this chapter along with the effects of altering operating parameters. 
2.1 ABSORBER AND REACTION TANK CHEMISTRY 
The function of the absorber is to absorb hydrogen sulphide from the gas stream and initiate the 
conversion ofHS' to sulphur. The predominant sulphur species present at the operating pH (8.5 to 
9.5) is the bisulphide ion (HS"). Hydrogen sulphide is absorbed into the alkaline solution where it 
undergoes proton transfer with bicarbonate ions according to the following reactions [8]; 
H,S (g) ~ H,S (aq) (9) 
H,S (aq) ~ H+ + HS· (10) 
H+ + CO," ~ HCO,· (11 ) 
H+ + HCO,· ~ CO, + HP (12) 
The overall reaction is 
Na,CO, + H,S NaHS + NaHCO, (2) 
The carbonatelbicarbonate solution acts as a buffer. The equilibria for the buffering action of the 
solution indicates that the pH of the solution will be dependent on the partial pressure of the carbon 
dioxide above the solution in the absorber. In practice the solution pH can vary from 7.5 to 9.5 
depending on the dynamic equilibrium that is maintained by the partial pressure of the carbon dioxide 
in the feed gas and the degree of stripping of the carbon dioxide in the oxidiser. 
The bisulphide reacts with V(V) to form V(lV) and sulphur. 
2V'+ + HS· ...... 2V4+ + S + H+ 
The absorption of H,S and conversion to HS· is considered to be very fast and is reversible. 
Bisulphide, however, is continuously depleted via its oxidation to elemental sulphur, therefore 
equilibrium is never reached in an actual absorber. 
-6-
(7) 
There have been some tentative reports [9] that hydrogen sulphide can react directly with vanadium 
to form thiovanadate, which increases the gas/liquid mass transfer rate. 
2.1.1 An Introduction to Vanadium (V) Speciation 
The distribution of vanadate species in solution is complex and is a function of pH, complexation 
with other solution components, and concentration. The major species found in Stretford process 
solutions are the dimer HV,O, 3. and the tetramer V,012'·. Protonated and polymeric forms of these 
species can also be present [4]. This research is concerned with the control and effect ofspeciation 
on the Stretford process. Vanadate speciation is discussed fully in Chapter 3. 
2.1.2 The Reduction Reaction Mechanism and Kinetics 
The mechanism of the V(V) and HS- reaction has been studied in detail. De8erry and Youngerman 
[10] investigated the kinetics of the reaction of V(V) with bisulphide with respect to V(V), HS- and 
H+. Series of experiments were carried out monitoring the reaction of sodium sulphide with V(V), 
using a silver/silver sulphide ion selective electrode to measure the sulphide concentration with time 
throughout the reaction [11]. 
With a large V(V) excess it was found that the reaction was first order with respect to bisulphide. 
With near stoichiometric amounts ofV(V) it was found that the reaction was first order with respect 
to V (V). The order with respect to hydrogen ion concentration was investigated by conducting a 
series of pseudo I st order experiments at pH 8.5 and 10 (also using data from previous experiments 
at pH 9.5). The results indicated that the reaction was first order with respect to hydrogen ion 
concentration. 
The effect of temperature was investigated and it was found that the second order rate constant with 
respect to V(V) increased with temperature. 
A second set of experiments were carried out under conditions more closely approximating the 
operating conditions of redox sulphur recovery plants. The temperature and pH was kept constant at 
8.6 and 32 'C respectively. The concentration of sulphide was monitored with time. A second order 
rate constant was found that differed from that derived under pseudo I st order conditions. It was 
suggested that the discrepancy was due to the vanadium concentration used being too high as not all 
the vanadium present was active. 
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The effects of thiosulphate, thiocyanate, citrate and amixture of thiocyanate and citrate on the 
oxidation of bisulphide were also considered. The rate of reaction appeared to increase with the 
addition of each reagent, the greatest effect being observed with addition of thiocyanate and 
thiosulphate. 
DeBerry [12l studied the reaction of sulphur species with V(V); in particular the reactions with 
bisulphide to form polysulphides and then the polysulphides with V(V) to form sulphur. The 
polysulphide concentration with time was monitored using linear scanning voltammetry. 
The initial polysulphide concentration increased quite rapidly, and then decreased slowly as the 
reaction progressed. This was attributed to the fast reaction of HS- with V(V) producing 
polysulphide. The polysulphide then reacted at a slow rate with V(V) to give sulphur. The results 
were described by the following equations; 
4 HS- + 6 Vs+ -> S/ + 4 H+ + 6 V" 
S,· + 2V'+ -> , V,S, + 2V'+ 
(13) 
(14) 
The slower second reaction controls the overall reduction ofV(V) and is consequently more 
important to the Stretford process chemistry. Aeration of polysulphides can form thiosulphate. If 
enough time is allowed for the completion of the second reaction it is possible to optimise sulphur 
production whilst minimising the production of unwanted by-products. 
The kinetics of this reaction was followed using a V(V) excess in order that a simplified second order 
rate equation could be applied. The reaction was found to follow first order kinetics with respect to 
polysulphide. A study to determine the effect of pH on the reaction rate indicated that at pH>9.2 
there may be a change in reaction mechanism. It was also suggested that the overall 
vanadium/sulphide reaction is affected by ionic strength, extent of reaction, initial V(V) 
concentration, V(V)N(lV) ratio and the presence of additives (eg. NaSCN and citrate). 
The most detailed and thorough study of the redox mechanism has been carried out by Thompson 
and Kelsall [9,13], who have proposed reaction mechanisms and the vanadium species present. As a 
consequence ofthe analytical methods used to study the kinetics, the conditions were necessarily 
different from those in actual Stretford solutions. Whilst this work is a useful starting point for the 
study ofthe Stretford mechanisms, later work has shown the mechanisms in actual plant solutions to 
be somewhat different. 
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Thompson and Kelsall [9,13] followed reactions of ADA with HS-, V(V) with HS- and ADA with 
oxygen. These reactions were studied using stopped flow UV/visible spectrophotometry and titration 
with arsenic (Ill). They found that when ADA is reacted with HS- polysulphides are produced. The 
reaction of reduced ADA with oxygen produced hydrogen peroxide. Polysulphides are oxidised to 
sulphur by hydrogen peroxide. When V(V) is reacted with HS- it was found that a thiovanadate ion 
was produced, VO,S,'-. V" NMR spectra indicated that three vanadate species initially existed 
before the addition of bisulphide, HV,O,,-, H, V ,0,,- and V,O. '-. After addition no peak could be 
attributed to VO,S,'- possibly because its concentration was below the detection limits. 
HV,0,'- + 4 HS- """ 2 VO,S,'- + 2 H,0 + OH- (15) 
From the evidence obtained, detailed mechanisms for the absorber reactions were proposed, for the 
reaction conditions studied by Thompson and Kelsall and are summarised as follows; 
i) HS- ions are formed by aqueous absorption of H,S at pH 9.0 
H,S + OH - -+ HS- + H,O 
ii ) Oxidation occurs via polysulphide intermediates, ( 2 s n sS), produced by 
reaction IS. 
n HS ~ so" + n W + (2n-2) e -
iii ) Polysulphides are formed by the reaction of HS- ions with anthraquinone 
disulphonate . 
(n-I) ADA + n HS- + OH - -+ (n-I) ADAW + so" + H,O 
and by the oxidation of HS- with V(V) via a thiovanadate complex 
,- -HV,O, + 4 HS ~ 3-2 VO,S, + 2 H,O + OH 
20VO,S,'-+22HV,O,,- +7SH+ -+ 16V,O.'-+SS,'-
(16) 
(17) 
(IS) 
(15) 
(19) 
)- 3- 12- - 2 90VO,S, +99HV,O, +102H,O -+ 16V 180" +3030H +36S,' (20) 
They concluded that the reaction between V(V) and HS- is a mulitstep process involving the 
production ofthiovanadate and polysulphide intermediates. The reaction is first order with respect 
to polysulphide, vanadium, hydrogen ion and ADA concentration. Thompson and Kelsall's 
experimental conditions are not those found in an actual Stretford plant. The full speciation in 
Stretford solutions is known to be different from that identified by Thompson and Kelsall. Other 
-9-
researchers [4,7] have identified a tetrameric V(V) species as well as the dimer, and other V(V) 
species, at conditions closer to that found in actual plants (discussed in detail in Chapter 3). 
2.2 OXIDlSER CHEMISTRY 
The function of the oxidiser is to reoxidise V(IV) to V(V) and remove the suspended sulphur by 
flotation. Oxidation ofV(IV) is achieved by reaction with oxygen and ADA, the simplified reaction 
being; 
ADA 
-+ 2V'+ + OH- (8) 
2.2.1 Vanadium (IV) Speciation in the Oxidiser 
The speciation of vanadium (IV) has not been as widely studied as that of vanadium (V). The major 
species present are thought to be the vot monomer, V,O," dimer, V.O, ,- tetramer or protonated 
forms of these species [3,14]. Thompson and Kelsall [9,13] speculated that the V ,,0,,'" polyanion 
might be present in Stretford solutions. 
2.2.2 ADA Addition 
The purpose of ADA in Stretford solutions is to increase the oxidation rate ofV(IV). Anthraquinone 
was selected for use over other quinones due to its chemical stability. Other quinone compounds 
were found to decompose in the oxidiser. Sulphonation of the anthraquinone molecule increases its 
solubility in water. 
0 
11 
NaO,S - :/" ~- SO,Na 
0... ~ 
11 
0 
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The activity of ADA varies according to its isomer distribution. Steric hinderance, caused by 
sulphonation next to the carboxyl groups, reduces the activity of the 1,5 and 1,8 isomers. The 2,7 
and 2,6 isomers are the most active. The 2,6 isomer is not very soluble therefore a blend of isomers 
is used to maintain the solubility, activity and control cost. Addition of small amounts of ADA 
causes big improvements in reoxidation rate. This effect levels off such that no significant 
improvement is achieved above 4g!1 [2,14,15]. 
2.2.3 Reaction Mechanism and Kinetics of V(IV) Oxidation 
The mechanism by which V(IV) is oxidised to V(V) was studied by Thompson and Kelsall [9,13]. 
From the experimental work, a mechanism was proposed whereby ADA is reduced in the absorber to 
produce polysu1phide ions. The reduced ADA species can react with oxygen to form hydrogen 
peroxide. It was proposed that hydrogen peroxide oxidises the V(lV) species as follows; 
V ,,0,,12- + 9H,O, + 150H- --; 9HV,Or + 12H,o (21) 
Experimental studies carried out by British Gas and others [4,5,6,7,16] have indicated that increasing 
the total alkalinity increases the oxidation rate of V(1V). There is also evidence that increasing total 
alkalinity modifies the vanadate speciation [4]. Other work [17] has indicated that anions such as 
sulphate affect the V(IV) oxidation rate. These studies are the basis of the present research and are 
discussed in detail in the next chapter. 
-11-
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3 VANADATE SPECIATION AND ITS EFFECT ON THE STRETFORD PROCESS 
Many of the parameters influencing the absorber and oxidiser reactions have been discussed in the 
previous section. In more recent years it has been established that carbonate and vanadium 
concentration can have a significant effect on vanadate speciation and consequently the Stretford 
process performance. This section describes the literature presented on this subject and identifies 
areas where further research is desirable and areas which have been investigated in this study. 
3. I THE AQUEOUS CHEMISTRY OF THE V ANADA TE ION 
Interest in the aqueous chemistry ofvanadium(V) has developed as a result of its importance in 
biological systems and its use as a catalyst for industrial processes [18, I 9]. The chemistry is 
complex, mainly due to the ability of the vanadate ion (Vot) to polymerize and protonate as the pH . 
. and concentration changes [20,2 I]. 
Pope and Dale [20] reviewed the aqueous chemistry ofvanadates in 1968. This review was updated 
by Heath and Howarth [2 I] in 198 I and more recently by Larson [22] in 1995. Figs 3 to 5 
summarise the vanadate species present at varying concentrations and pH. Figure 3 was collated by 
Pope and Dale [20] from knowledge of the aqueous chemistry ofvanadates at the time (1969). 
Figure 4 was constructed by Post and Robins [23] in 1975 and is based on calculations using the free 
energy data for equilibrium between vanadate species. Figure 5 is a recent log concentration I pH 
diagram for the major vanadate species calculated on the bases of measured equilibrium constants 
(1995)[22]. 
Stretford solutions operate between pH 7.5 to 9.5 depending on the partial pressure of CO, in the 
feed gas. The main vanadate species identified in the literature, in the pH range 14 to 7, are vot, 
HVO,", H,VO;, V,O,4., HV,O,'-, V,O,'-, V,O,,'", V,O,,'", v,o"l-, V,o,,.-. 
Evidence for the existence of the various species and interconversion between one another has been 
obtained using various methods such as UV Spectroscopy [24,25], Salt Cryoscopy [26], Light 
Scattering [27,28] and Potentiometry [29,30]. In more recent years these species have been 
determined using V" NMR and Raman spectroscopy [31]. 
-12-
Figure 3 
0 
I 
:E , 
.. 
Q 
.. 
, 
, 
Fjgure4 
-3 
-4 
.-6 
Log Concentration pH Diagram 
Pope and Dale. 1968 [201 
V, 0.·-1 
I ," , 
I ' ~ , 
I \ , , , , , , 
''1,0, I 
' , 
' , I , , , 
., , ~o/:- I , , , H2VtOO~"-" , , 
I ~OI'J·-? , , , , , , 
\ : HVwP'a'J~ 
, V,O,'-? 
" 
, 
" 
, 
• , ,, , , , , , 
VO~3- , , , 
\ 
" 
, 
, 
I , 
, 
\ , 
, , 
Hvot -------"" vo,+ 
" , , 
, 
H,VO,- H,VO, ? 
V(OHl,? 
12 .10 • • 
, 2 0 
pH 
Log Concentration pH Diagram 
Post and Robins 1975 [231 
, 
~: I I' I 01':':1 • ... 1 
>" I %1 ' ~ I ,> 
I :I: : >7 51: /53 
,45 4BJ t50 I : 
~-~-ie-/ I~ 
, I , 
, 1 , 
'HV2~- I,~ 
I I I' 
46 521 55, 
, I, 
: / 2- I 
H3V2o;, I HV04 , I, I I 
44l·· 
\ , 
47/ '';'9 I I 
I ,I I 
IVO-'/ I \ 
\ , 
1 3 , I I 
I (~V04) '154 , 
.I 
2 3 4 :I 6 7 8 9 10 " 12 13 '4 
pH 
-13-
------------------------------------------------------------
3.1.1 Vanadate Monomers 
The monomeric vanadate species reported in the pH region of interest are VOl· , HVol·, H2 VO,-. In 
basic conditions (>pH 13) the predominant species is the tetrahedral orthovanadate ion vot. This 
was identified using V" NMR studies of vanadate solutions, at high pH, by a sharp resonance of 
narrow line width indicating a highly symmetrical species [21,32,33]. Raman spectroscopic studies 
of similar solutions gave simple spectra containing active bands similar.to those observed for other 
tetrahedral oxyanions (eg. phosphate), confinning the presence of VOl· [34]. This species is 
predominant at high pH, across all the concentration ranges studied. 
Newman et al [24] studied the hydrolysis ofVOt using a spectrophotometric method and from. 
calculations, concluded that the product of hydrolysis is HVOt. 
VO .. · + H,o ~ HVOt + OH-
-14-
(22) 
Ingri and Brito [29,30] studied the distribution of vanadate species, with changing pH and 
concentration, using potentiometric titrations. HVO/ was identified as the predominant species 
between pH 11-13. A V" NMR study by Howarth and Richards [33] indicated that as the pH is 
decreased the resonance assigned to vol- disappears and a new resonance appears which is pH 
dependent. This new resonance was considered to be evidence for the equilibria described in 
equation ~2, and was due to the appearance of HVO.'-. This resonance occurred between pH 13 - 10 
in solutions of low vanadium concentration. Other NMR Studies have confirmed this conclusion 
[21,22]. 
Ingri and Brito [29,30] reported that below pH 8, and at low concentrations «0.005M), protonation 
of the HVO/ ion produces H,VO.- . 
HVO/ + H+ """ H,VO.- (23) 
This equilibrium has also been studied using spectrophotometric measurements, by Reiger [35]. An 
inflection in the V" NMR shift vs pH graph prepared by Heath and Howarth [21] and Larson [22], at 
a pH less than 8, was attributed to the protonation of HVO/. 
3.1.2 Vanadate Dimers 
V,O,'- and HV,O," are known to exist in the pH range of 13 to 6. At concentrations higher than 
about 0.03 M it has been reported that HVO.'- dimerises to give V,O,<- [20]. 
2 HVOt """ V,o,<- + H,o (24) 
Newman et al [24] studied the dimerisation of HV04" using spectrophotometry. They related the 
dimerisation constant with the extinction coefficient ofV,O,4- and concluded that HVO.'- dimerises 
to V,o," to a greater extent as the vanadium concentration increases from 0.001 to 0.1 M. Heath and 
Howarth [21] reported the existence ofV,O," using VSI NMR spectroscopy, and confirmed their 
findings using 0 17 NMR. They observed V,O," over the same pH range as HVO/. Raman 
spectroscopy studies [31,34] have assigned bands to VO, and V-O-V vibrations of both species, at 
pH values below about 12. Griffith and Wickins [34] reported that as the vanadium concentration is 
decreased the Raman bands assigned to the HVOt vibrations become more intense than those 
assigned to the V,O," bands. Amado et al [31] reported that both these species have the same Raman 
band, however this work was carried out at lower vanadium concentrations. 
Ingri and Brito [29,30] reported the existence of the protonated dimer, HV,O,", at vanadium 
concentrations below 0.08 M, using potentiometric measurements. The VSI NMR study carried out 
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by Howarth and Richards (33] distinguished between a resonance that occurred down field from 
V,O:- over narrow pH limits (11-9.5). The resonances were not altered with changes in 
concentration. They concluded that the unidentified species was HV,O/ and this implied that there 
was an equilibrium between the two species. 
V,o:- + H+ """ HV,O/ 
In later work Heath and Howarth [21] and Larson [22] confirmed this equilibria using NMR 
measurements. 
3.1.3 Vanadate Trimersrretramers 
The species formed by the polymerisation ofH,VO, have led to'most of the discussion in the 
literature, and are described by the following equilibria; 
3 H, VO, """ V,o,'" + 3 Hp 
4 H,VO, """ V.o,,'· + 4 H,O 
(25) 
(26) 
(27) 
Brito et al [30] indicated the presence of both the trimer and tetramer using potentiometric 
measurements. Howarth and Richards [33] reported two partially resolved V" NMR resonances 
below pH 8.5 which they assigned to VO:·. The resonances changed with concentration but not pH, 
and it was not possible to determine ifthe resonances were due to the trimer or tetramer. Raman 
studies (below pH 9.5) indicated simple spectra containing a strong band assigned to VO, modes of a 
cyclic structure. These bands were assigned to the VO:· ion, however the value ofn could not be 
determined [34,36]. A spectrophotometric study of this equilibrium could not distinguish between 
the tetramer and trimer and it was concluded that metavanadate solutions probably contain a mixture 
of both species [35]. It had been reported by several authors that the trimer is predominant in dilute 
solutions <0.02 M and the tetramer in concentrated solutions [25,28,37,38]. Habayeb and Hileman 
[39] studied the V" NMR resonance assigned to VO:', at low and high concentrations. It was 
concluded that the resonance was due to both trimer and tetramer with rapid conversion between both 
species. 
Heath and Howarth [21] reported a V" NMR resonance due to a linear trimer, V,O,o''', at pH 9-1 I, 
but no evidence ofa cyclic trimer. They also report the existence ofa linear tetramer, V,O,,'", at pH 
9. This resonance broadened with lowering pH and concluded that the cyclic tetramer was formed. 
Larson's [22] experiments, and consequent recalculation ofthermochemical data, concluded that the 
cyclic tetramer dominates the vanadate chemistry between pH 9 and 6. 
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Finally, a combined Raman / V" NMR spectroscopic study performed by Amado et al [31) 
illustrated that a Raman band present at pH 9.6 decreased with decreasing pH, coinciding with the 
appearance of a new band below pH 9. It was suggested that this was due to the linear tetramer 
rapidly converting to the cyclic form. This was supported by Amado's V" NMR data. 
3. I.4 Vanadate Pentamers/ Hexamers 
Heath and Howarth [21) assigned a V" NMR resonance down field from the tetramer, to a cyclic 
pentamer. At higher concentrations a final resonance was assigned to a hexamer. These assignments 
were made on the basis that the resonances fit in a chemical shift and area sequence. Habeyeb and 
Hileman [39) also assigned the resonance furthest down field to the hexamer. 
3.2 THE INFLUENCE OF V ANADA TE SPECIA TION ON THE OXIDATION OF 
STRETFORD PROCESS SOLUTIONS 
The influence of TA and vanadium concentration on vanadate speciation has been studied by 
Vermaire and de Haan [4). The vanadate species in solutions very similar to Stretford conditions, 
containing 0.04M V'+, 0.25M NaSCN and TA varying from 0.095 to 0.57M, were determined using 
V" NMR. The following vanadium species were identified in solution; V,O,'·, V,013'-, (VO,), '-, 
V,O" '-, [H,V,07J<'·')-. The two predominant species were identified as the linear dimer, 
[H,V,07)('·')- and the cyclic tetramer, V,OI2'-. It was shown that at 23"C, an increased total 
alkalinity/vanadium (TAN) molar ratio favoured stabilization of the dimer. At 40"C the only V(V) 
species present was the dimer. It was concluded that the proportion of dimer and tetramer present 
can therefore be controlled by adjusting the TAN ratio. 
V,OI2 ,- + 20H -> 2HV,07'- (28) 
It was noted that the TAN ratio was the factor controlling speciation and not the absolute total 
alkalinity concentration. This was demonstrated by taking a solution with TA optimised for dimer 
stabilisation and adding ten times the concentration of vanadium. It was found that the tetramer was 
the predominant species in the resulting solution. 
The effect ofV(V) speciation on reoxidation ofV(IV)was also studied. The speciation was 
controlled by varying the total alkalinity/vanadium ratio. Kinetic experiments were performed to 
determine the reoxidation rate ofV(IV) and the order with respect to V(IV) concentration. The 
solutions were reduced to give different initial V(IV) concentrations. The solutions were reoxidised, 
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keeping pH, temperature and dissolved oxygen constant. The V(V) concentration was monitored by 
polarography. The V(IV) concentration was obtained by difference. 
The conclusions from this work were that at a high TAN molar ratio of 14, the dimer is the main 
species present and the oxidation reaction is 1st order. As the TA is lowered more of the tetramer is 
stabilised, coinciding with digression from I st order kinetics. It was suggested that the tetramer may 
reduce to a different species which reoxidised more slowly. In conditions where only the tetramer 
was present I st order kinetics were followed. It was postulated that the dimer is stabilised by a large 
excess of carbonate. When the dimer is reduced it can be easily reoxidised, whereas the cyclic 
tetramer reoxidised slowly. 
Reaction equations were suggested as follows; 
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The solutions studied by Vermaire and de Haan did not contain ADA. Lowry and Ritter [5] at British 
Gas carried out a study to confirm the observations ofVermaire and de Haan using different 
measuring procedures and complete Stretford solutions (ie. solutions containing ADA). The effect of 
TA levels on oxidation/reduction cycles, similar to those within the Stretford process, were carried 
out on the British Gas laboratory scale oxidation test rig as described in Chapter 6. The tests were 
conducted using solutions containing 0.031 M Vs+ and 0.094 to 0.566 M TA with no ADA. The 
effect of adding ADA to solutions containing 0.189 and 0.566 M TA was also studied. The 
concentration ofV(V) was monitored throughout the reoxidation by titration, and the pH and 
temperature were kept constant. Cyclic voltammetry with a gold electrode was used to perform 
oxidation reduction sweeps of solutions containing 0.094M and 0.566 M TA levels in an attempt to 
identity vanadate speciation. The results showed that the rate of reo xi dation ofV(IV) increased with 
increasing alkalinity which confirms Vermaire and de Haan's work. This effect was non linear, with 
the rate of reo xi dation for solutions containing 0.472 and 0.566 M TA being similar. 
Adding ADA to the standard Stretford solution gave a similar reoxidation time to a solution with 
0.377 M total alkalinity and no ADA, although the shape of the reoxidation curves were slightly 
different. The rate of reo xi dation ofa solution containing 0.566 M total alkalinity was greatly 
enhanced by addition of ADA. The ADA served to enhance the initial stages of reaction in 
particular. This, combined with the alteration of curve shape, may suggest that the ADA is catalysing 
the oxidation of the predominant vanadate species to different extents. 
The electrochemistry results showed that the addition of carbonate alters both the oxidation and 
reduction of vanadium in solution. No evidence of two electroactive species was found in either 
solution, disagreeing with Vermaire and de Haan's observations. It was suggested that the results 
may be in agreement if only one species is capable of being reduced and reduction is accomplished 
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by the interconversion between two species. This work did not identity why increasing TAN 
increases the oxidation rate. 
Trofe [40,41) reported experimental work undertaken to screen the effects of process variables on the 
formation of sulphur by-products in Stretford solutions. Part of this work was concerned with the 
effect of total alkalinity on the oxidiser performance. Stretford solutions containing 0.029M 
vanadium, 3.0 g/I ADA, 0.189 M (standard) and 0.472 M TA, and loaded with 450ppm HS- were 
subjected to a reduction /oxidation cycle using a 120 litre liquid redox sulphur recovery experimental 
unit, at a constant temperature of 25°C. The purpose of this bench scale unit was to mimic the 
operation and chemistry of a full sized Stretford plant. The concentration of V(V) in the oxidiser was 
determined by ion chromatography. The polysulphide concentration was monitored using linear 
scanning voltammetry. The soluble sulphur species produced were determined by ion 
chromatography and the pH was monitored throughout the experiments. 
The results indicated that at a high alkalinity, the amount ofV(V) reoxidised increased compared to 
solutions containing the standard total alkalinity concentration. This observation supports Vermaire 
and de Haan's observations that increasing TA increases reoxidation rate. 
During the last three years, several reports have been produced by British Gas [6,17) concerning the 
effect of solution parameters on reoxidation performance, in order to aid process optimisation for a 
specific Stretford plant application. The effects of pH, ADA addition, air, oxygen, sulphate levels, 
vanadium excess and total alkalinity on the reoxidation rate of plant solutions were studied with 
varying HS- loadings. 
In particular, the effect of varying total alkalinity/vanadium ratio, vanadium excess and HS- loading 
on the reoxidation ofV(IV) in synthetic plant solutions were investigated. The solutions contained 
Stretford reagents and by-products at levels specified for the plant's application. The reoxidation of 
solutions was carried out using a laboratory scale simulator ofa Stretford reaction vessel and oxidiser. 
The concentration ofV(V) was monitored throughout reoxidation by titration. Percentage 
reoxidation curves were prepared and compared to reoxidation curves of a standard Stretford plant 
solution. 
It was demonstrated that increasing the total alkalinity from 0.187 M (standard) to 0.3 77 M increased 
the reoxidation rate. Maintaining the total alkalinity at 0.377 M and increasing the vanadium 
concentration showed no increase in reoxidation, in fact the time for 95% reoxidation was 
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considerably longer. This supported Vennaire and de Haan's observation that it is the total alkalinity 
to vanadium ratio which is responsible for the enhanced reoxidation. 
It was also noted that if the total alkalinity/vanadium molar ratio was increased from 15 to 
approximately 20 then there was no significant improvement in reoxidation. This result is consistent 
with Lowry and Ritter's observations [5). It was suggested that dimer/tetramer ratio may not be a 
strong function of reo xi dation at TAN levels greater than 15. 
The experimental data was used to estimate the rate constants and orders of reaction with respect to 
V(IV) concentration. Integrated rate plots were prepared for 0.5, I ,1.5 and 2nd order reactions. 
The order of reaction was found to alter as the TAN ratio altered. At high TAN ratios the order of 
reaction was found to be fractional between 0.5 and I. At lower TAN ratios the order was found to 
be closer to 1.5. The reaction rate during the initial stages of reo xi dation was comparable for all 
solutions tested. A similar observation was noted for the standard Stretford test solution which has a 
TAN ratio of 6, and would be expected to have a high tetramer to dimer ratio. It was also found to 
have a first order relationship for the initial part of the reaction with the overall order being 1.5. 
These observations suggest the presence of two vanadium species being reoxidised, at different rates, 
with the same species reacting during the initial stages of reoxidation for solutions of all 
compositions. It was speculated that dimer completely reacts during the first stage of reoxidation 
with the time for the reaction to go to completion dependent on the proportion of tetramer present. 
These studies also revealed some conflicting observations. A solution with a TAN molar ratio of 
19.3 was expected to give first order kinetics throughout reoxidation, however the reaction deviated 
from first order kinetics after 95% reoxidation. In contrast a control solution with TAN molar ratio 
of 15.6 did not deviate from first order kinetics throughout the reaction. It was speculated that the 
total vanadium concentration may have a secondary effect on speciation. 
Laboratory experiments carried out previously by British Gas (discussed in Section 3.3) [16) 
indicated that at high bicarbonate to carbonate ratios (high pH) the dimer is not stabilised. It was 
therefore postulated that high TAN ratios may not improve reoxidation perfonnance if low 
carbonatelbicarbonate ratios exist. This is the case for many Stretford plants with only a small partial 
pressure of carbon dioxide in the feed gas. 
Sulphate may be another parameter which effects speciation hence oxidation rate. Work reported by 
British Gas [17), from operational experience, demonstrated that the oxidation of a Stretford solution, 
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with TA=40 gI\, TAN = 19 and no ADA, is enhanced as the sulphate levels increase from 50 to 100 
g/I. When the sulphate levels were increased to 180 gII the oxidation rate decreases (Fig 6). This 
implies that sulphate has a similar effect on speciation as carbonate. The consequence being that 
increased sulphate levels increase the oxidation rate up to a certain point above which there is a 
significant reduction. 
Figure 6 Oxidation Curye For Stretford Solutions With varying Sulphate Levels 
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3.3 THE INFLUENCE OF VANADATE SPECIA TION ON THE ABSORBER PROCESS 
The role of vanadate speciation on the absorber reaction was discussed in a report produced for the 
Gas Research Institute by Delaney and Schramm [7]. Vanadate speciation was confirmed by 
analysing a Stretford solution, containing 0.059 M vanadium, 1.5 g/I ADA, 0.142 M total alkalinity 
at pH 8.5, by V" NMR. The spectra obtained showed that the predominant vanadium species 
present were V,07 ,- and V,OI2'- (dimer and tetramer). 
The effect of pH on the vanadium speciation in solutions containing the above constituents plus 
250g/1 Na,S,O,.5H,o and 80g/1 Na,SO, was studied over pH range 7.5 to 9.0. V" NMR spectra 
showed that the vanadium speciation did not change appreciably with varying pH. 
The effect of vanadate speciation on hydrogen sulphide oxidation was studied by treating a Stretford 
solution sample with portions of H,S in order to reduce V(V) to V(IV) by 10% on each addition. The 
reduction was followed by analysis by V" NMR. The conclusion drawn from the results was that the 
dimeric species is inactive and only the tetramer reacts with H,S under these conditions. This 
conclusion supports the observation made by De Berry [10] that not all the vanadium present is 
"active" when vanadium reacts with bisulphide. This contradicts the observations made by Vermaire 
and de Haan [4], Trofe [40,41] and British Gas [5,6,17] whose tests have all shown that solutions 
optimised to contain predominately dimeric spices can be reduced and reoxidised. There has also 
been strong evidence that two species reoxidise implying that both species are reduced. 
Delaney and Schramm [7] demonstrated the control of vanadate speciation in Stretford solutions by 
varying the total alkalinity and obtaining spectra ofthese solutions by V" NMR. Stretford solutions 
at pH 8.0 and equivalent carbonate levels of 0 to 0.377 M were studied. The results showed that 
when no carbonate is present only the tetramer exists. As the proportion of carbonate is increased the 
proportion oftetramer decreases and dimer increases. The proportion of both species was found to be 
approximately equal at 0.283 M total alkalinity. 
It was concluded that the mechanism for hydrogen sulphide oxidation involves the cyclic tetramer 
only. The implication of this conclusion was that one H,S molecule reacts with one vanadate 
tetramer, ie.four vanadium atoms as follows; 
H,S + 4V'+ SO + 4 V ,+ + 2 H + (29) 
All commercial Stretford plants "are designed on the basis that one molecule ofH,S reacts with two 
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vanadium atoms; 
H,S + 2 V ,. ~ So + 2 V 4. + 2 H· (30) 
Delaneyand Schramm (7) recommended that the total alkalinity should be kept as low as practically 
possible to limit the amount of dimer present, and the concentration of vanadium used should be 
increased due to the presence of the tetramer. There is no evidence from other workers and operation 
experience that this recommendation is correct. Stretford plants with TA of25 gll and a 1:2 molar 
ratio ofH,S:V(V) have had no problems with H,S slippage which would be the consequence if half 
the required amount of vanadium was present. 
I 
The hydrogen sulphide oxidation process was studied by British Gas (16), as a result ofDelaney and 
Schramm's report, to clarifY the correct H,S to vanadium ratio. The kinetics of the reaction between 
H,S and the major vanadate species were followed. Observations were also made to determine if the 
reaction mechanism altered in the presence of different vanadate species. Preliminary experiments 
were carried out to identifY the vanadate species in solutions with varying TAN concentration ratios. 
Analytical methods were investigated to establish the best methods with which to follow the reaction. 
The vanadate species in solutions, with a range of TAN ratios, were investigated by V" NMR. It 
was shown that the proportion of dimer to tetramer increased as the TAN concentration ratio 
increased. The proportion of dimer to tetramer was greater in solutions with low absolute total 
alkalinity concentration. It was speculated that the effect of dilution favoured the presence of the 
dimer. It was also demonstrated that at high bicarbonate/carbonate ratios the dimer destabilises in 
favour of the tetramer, pentamer and polyanions. 
The reaction ofvariadium with H,S was followed in solutions containing vanadium, sodium 
carbonate and sodium bicarbonate only. The amount of carbonate and bicarbonate was varied to 
control vanadate speciation and to establish the effect of pH on the reaction. The initial vanadium 
concentration was also varied. Sodium sulphide was used to provide the correct HS~ loading. 
Reactions were performed using a thermostatically controlled redox cell. The reduction of the V(V) 
to V(lV) was monitored over 30 minutes by titration and using a platinum electrode. A silver/silver 
sulphide ion selective electrode was used to monitor bisulphide oxidation. 
From the results of a series of experiments, reaction mechanisms were proposed as follows; 
i ) at pH> 10, containing either dimer or tetramer 
No sulphur was observed in the reaction vessel and HS~ was detected by ISE throughout the reaction. 
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[t was postulated that the reduction reaction proceeded via two stages; 
2n Vs+ + nHS- [V-O-SI -> So'" + 2n v'+ (31 ) 
4S/ + 8 OH- + H,O -> 3 S,O, ,- + 10 HS- (32) 
The disproportionation of polysulphides being the slow step. 
ii) Solutions of pH 9.5-9.6, containing both dimer and tetramer in equal proportions. 
The reaction rate under these conditions was much faster than at higher pH. Sulphur appeared in the 
reaction solutions. The mechanism for the reaction was proposed as; 
2n Vs+ + n HS' [V-O-SI So ,- + 2n v'+ 
nSo + 2n V" 
It was speculated that the appearance of sulphur may also be due to the disproportionation of 
polysulphides. 
n So + n HS + n OH 
iii) Solutions of pH 8.7, mainly tetramer 
(33) 
(34) 
These solutions exhibited the fastest reaction kinetics with sulphur forming in the reaction vessel. 
The reaction mechanism perhaps being similar to reaction 33. A solution of pH 9.3 with high 
bicarbonate to carbonate concentration but very low total alkalinity did not exhibit sulphur formation. 
The mechanism being similar to reaction 31. It was speculated that an unstable form of the dimer 
was present as the main vanadate species in this solution. The low TA concentration may have a 
stronger effect on speciation than does the bicarbonate/carbonate ratio. 
The main conclusions drawn from these experiments [16), were that 
• Vanadate speciation is controlled by TAN mol ratio, absolute TA concentration and 
bicarbonate/carbonate ratio. 
• Fractional reaction orders implied that oxidation of H,S followed more than one reaction 
pathway. 
• Increasing V:HS initial ratio from 2:1 to 4:1 gave a two fold reduction in H,S left in solution. 
It must be noted however that vanadium concentrations greatly in excess can effect the 
oxidiser reactions by reducing the TAN ratio hence speciation, as discussed previously. 
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• The rate of H,S oxidation increases with decreasing pH. The predominant reaction at pH 
> I 0, when the ratio of carbonatelbicarbonate is high, is the formation of polysulphides 
which probably disproportionate to give thiosulphate. At lower pH two consecutive reactions 
occur, both the formation of poly sulphides and sulphur followed by the disproportionation 
of polysulphides to form sulphur. 
• The reaction rate appears to be independent ofspeciation at pH >10. At pH <10 the presence 
orth~ dimer may lead to the production of thiosulphate instead of sulphur. 
The control of speciation demonstrated by these experiments agree with Vermaire and de Haan' s 
observations however they also indicate that absolute TA concentration and bicarbonate/carbonate 
ratio may be the most important factors in controlling vanadate speciation. 
The proposed reaction mechanisms explain observations made by Trofe [40,41] that the overall rate 
of soluble sulphur production and polysulphide concentration, in solutions with high TA (mainly 
dimer), was lower than that of the standard solution. It was concluded that the alkalinity affects the 
reactivity of vanadium with HS·. 
The proposed reaction mechanisms are also in agreement with the observations of DeBerry [12] and 
Thompson and Kelsall [9,13] who showed that the oxidation of H,S occurs via polysulphide 
intermediates. The production of polysulphide being fast and disproportionation of polysulphides 
being slow. DeBerry's work also showed that the reaction mechanism may depend on pH with a 
different mechanism being followed at pH< 9.2. 
This work supports Delaney and Schramm's observations that solutions optimised to contain the 
tetramer exhibit fast reaction kinetics producing sulphur. The dimeric species, however, was not 
found to be inactive. It is possible that the dimer is reduced by a different, slower reaction 
mechanism than the tetramer. This work demonstrated that the reaction proceeds with a 2: I 
vanadium/H2S ratio, however increasing the vanadium concentration can increase the overall rate 
constant. 
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3.4 SUMMARY OF THE EFFECT OF VANADATE SPECIATION ON THE ABSORBER 
AND OXIDISER PROCESSES 
This section has detailed the factors that effect vanadate speciation and influence the oxidiser and 
absorber process perfonnance. The main observations from the published work are ; 
• Several V(V) species exist in Stretford process solutions. The predominant species being the 
dimer and tetramer. 
• The total alkalinity/vanadium concentration ratio influences the species present, the dimer 
being the predominant species at high T Alvanadium ratios. 
• The reoxidation kinetics depend on the species present; the dimer reoxidising at a faster rate 
than the tetramer. Hence the kinetics of reoxidation are altered by the TAN ratio. 
• Other factors may also affect the speciation, hence reoxidation, such as the carbonate/ 
bicarbonate ratio (pH), absolute TA, absolute vanadium and sulphate concentration. 
• ADA catalyses the oxidation reaction. It may be possible that ADA catalyses the oxidation 
of one vanadium species to a greater extent than the other. 
• Strong evidence indicates that the tetramer is reduced by H,S at faster rate than the dimer. 
• Oxidation of H,S occurs by the production of polysulphides which disproportionate to fonn 
either sulphur or thiosulphate, depending on pH and speciation. 
• Oxidation of H,S occurs at a faster rate at a pH< 10 
These observations demonstrate that optimisation of the Stretford solution parameters for efficient 
oxidation ofH,S can be detrimental to the reoxidation of vanadium and vice versa. However, many 
of the studies were carried out at conditions slightly removed from those found in operating Stretford 
plants. It is apparent that a more detailed study is required to clarifY which parameters affect 
speciation under varying conditions and the consequences on the oxidiser/absorber reactions. 
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3.5 OBJECTIVES OF RESEARCH 
The factors affecting vanadate speciation and subsequent influence on the oxidiser and absorber 
processes have been discussed in the previous sections. In order to confirm and extend the 
conclusions from the research to date, using a range of conditions found in a Stretford plant, a 
research program was undertaken with the following objectives; 
• Rationally vary the solution composition to maximise the proportion of the different species 
present, on the basis of predictions from the published literature. 
• Confirm the speciation in the solutions by V" NMR or Raman Spectroscopy. 
• Study the kinetics ofV(IV) reoxidation to elucidate the relative rates of reaction of the 
different V(IV) species 
• Demonstrate the effect of improvements in the reaction rate, made by controlling solution 
composition, on Stretford plant design 
To achieve this aim it was originally proposed that solutions having the composition detailed in Table 
I should be prepared for study. The solution compositions were chosen in order to investigate the 
effect of varying the parameters on speciation and the oxidation reactions only. Details of these 
solutions are discussed in the following sections. 
3.5.1 The Effect of Total Alkalinity 
Solutions I to 6 were selected to confirm the reported observations that total alkalinity influences 
vanadate speciation and the oxidation rate. The solution composition was based around the 
composition ofa standard Stretford solution, solution 3, and according to the published studies [4,5]. 
The effect of total alkalinity on vanadium speciation can be confirmed by increasing the total 
alkalinity concentration whilst maintaining the vanadium and ADA concentrations, and the pH. 
3.5.2 The Influence ofTA/V Concentration Ratio 
Solutions 7 to 10 have a fixed TA with varying vanadium. The TA used will be established from the 
speciation of solutions I to 6. Vermaire and de Haan's work [4] indicates that this TA should be 
about 60 gil. The vanadium concentration was increased and decreased to establish the role of TAN 
on speciation and the oxidation reactions. The ADA concentration and pH were kept constant. 
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Table I Proposed Composition of Stretford Test Solutions 
Na,CO, NaHCO, TA HCO,t V TNV Na2SO .. ADA 
g/I M gll M gll M 
CO, 
gll M 
gll 
1 1.5 0.014 8.9 0.106 7.1 0.067 7.5 1.64 0.032 2.1 - 4 
2 4.0 0.04 25 0.30 19.7 0.187 7.5 1.64 0.032 5.8 - 4 
3 5.2 0.049 31.4 0.37 25.0 0.236 7.6 1.64 0.032 7.3 - 4 
4 8.0 0.08 51 0.61 40 0.377 7.6 1.64 0.032 11.8 - 4 
5 10.2 0.10 64 0.76 50 0.472 7.6 1.64 0.032 14.8 
-
4 
6 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 - 4 
7 12.2 0.12 76 0.91 60 0.566 7.6 2.0 0.039 14.5 
-
4 
8 12.2 0.12 76 0.91 60 0.566 7.6 2.5 0.049 11.5 - 4 
9 12.2 0.12 76 0.91 60 0.566 7.6 1.5 0.029 19.5 - 4 
10 12.2 0.12 76 0.91 60 0.566 7.6 1.0 0.020 28.3 - 4 
11 18.7 0.18 117 1.39 92 0.867 7.7 2.5 0.049 17.7 - 4 
12 7.6 0.07 48 0.57 37.5 0.354 8.1 1.0 0.020 17.7 
-
4 
13 1.2 0.012 7.7 0.09 6.1 0.058 7.7 0.5 0.010 5.8 - 4 
14 2.5 0.024 15.9 0.19 12.5 0.118 7.9 0.5 0.010 11.8 - 4 
15 1.9 0.018 92 1.1 60 0.566 60 1.64 0.032 17.7 - 4 
16 51.9 0.49 12.4 0.15 60 0.566 0.31 1.64 0.032 17.7 - 4 
17 0.6 0.006 30 0.36 19.7 0.187 60 1.64 0.032 5.8 - 4 
18 12.1 0.16 4.0 0.048 19.7 0.187 0.30 1.64 0.032 5.8 - 4 
19 1.5 0.014 8.9 0.106 7.1 0.067 7.5 1.64 0.032 2.1 - 0 
20 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 - 0 
21 5.2 0.049 31.4 0.37 25.0 0.236 7.6 1.64 0.032 7.3 - 0 
22 1.5 0.014 8.9 0.106 7.1 0.067 7.5 1.64 0.032 2.1 - 4 
23 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 
-
4 
26 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 50 4 
27 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 180 4 
28 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 - 1.0 
29 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 - 0.5 
30 12.2 0.12 76 0.91 60 0.566 7.6 1.64 0.032 17.7 - 0.15 
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3.S.3 The Influence of Absolute Total Alkalinity and Vanadium Concentration 
It was speculated by British Gas [6] that the absolute vanadium concentration may also have an effect 
on vanadate speciation. Solutions I I and 12 contain a TAN ratio that favours the fonnation of the 
dimer over that of the tetramer (established from solutions I to 10). The absolute TA and vanadium 
concentrations were increased and decreased maintaining the TAN ratio. The ADA concentration 
and pH were kept constant. 
3.S.4 The Effect of Low Total Alkalinity 
Work carried out by British Gas [16] suggested that a low TA may facilitate the production of an 
unstable dimeric species over the tetramer. Solutions 13 and 14 contain low TA concentrations. The 
vanadium concentration was chosen such that the predominant species should be the tetramer in 
solution 13 and a mixture of both species in solution 14. The ADA concentration and pH were kept 
constant. 
3.S.S The Influence of Bicarbonate/Carbonate Molar Concentration Ratios (pH) 
It has also been demonstrated [16] that the ratio of bicarbonate/carbonate (pH) has an effect on 
speciation. Solutions IS to 18 were selected to confinn this. The TAN ratio was optimised for the 
stabilisation of either the dimer or tetramer (as established by solutions I to 10), and the 
bicarbonate/carbonate ratio, hence the pH, altered. Solutions IS and 16 were optimised to have a pH 
of 8.4, with IS containing the tetramer as the major species and 16 with the dimer as the major 
species. Solutions 17 and 18 were optimised to have a pH of I 0 with 17 containing the tetramer as 
the major species and 18 with the dimer as the major species. 
3.S.6 Investigation into the Ability of ADA to Catalyses the Oxidation of Both Vanadate Species 
The ohservations made by British Gas [5] suggest that ADA may catalyse the oxidation of the two 
predominant vanadate species to different extents. Solutions 19 to 21 with low, medium and high 
TAN ratios and no ADA were selected to investigate this. Solution 19 contains the tetramer as the 
major species, solution 20 the dimer and solution 21 a mixture of both. These solutions can be 
compared to solutions 1,3 and 6 which contain ADA. 
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3.5.7 Species Stabilisation After Several OxidationlReduction Cycles 
It is thought that the vanadate species in Stretford solutions stabilise after the solution has undergone 
several oxidation and reduction cycles. Solutions 22 and 23, with compositions adjusted to contain 
either the dimer or tetramer as the major species, were subjected to three reduction/oxidation cycles 
and species in these solutions determined. 
3.5.8 Speciation in Real Plant Solutions 
From the conclusions drawn from investigating the speciation of solutions I to 18 it may be possible 
to predict the speciation present in actual plant solutions from their composition. The species present 
in two plant solutions, 24 and 25, were determined and compared to the predicted speciation. 
3.5.9 Effect of Sulphate Levels 
British Gas [17] have shown that sulphate levels, such as 50 g/I can enhance oxidation but 180 g/I 
can be detrimental. Solutions 26 and 27 were selected to investigate this. The solutions have the 
same composition, optimised to contain the dimer, but each has a varying amount of sodium sulphate 
added. 
3.5.10 Effect of Varying ADA on Oxidation 
British Gas have observed from laboratory and plant studies [16, I 7] that if a Stretford solution 
contains a TA higher than standard it is possible to achieve enhanced oxidation with a lower than 
standard ADA concentration. Solutions 28 to 30 were optimised to contain the dimer and have 
varying ADA concentrations to investigate this. 
In order to investigate the parameters described in this section it was first necessary to establish a 
method by which to identifY the species present in the test solutions and the method by which the 
oxidation reaction could be followed. 
The majority of the most recent published data on vanadate speciation has involved the use of V" 
NMR spectroscopy for species identification. Most researches are in general agreement of 
assignments of resonances to species. V" NMR spectroscopy itself, however, cannot provide 
structural information. Additional confirmation of species present can be obtained by using other 
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methods such as Raman spectroscopy in conjunction with V" NMR. For this reason it was decided 
to investigate the possibility of using both Raman Spectroscopy and V" FT NMR for analysing the 
vanadate species in the solutions prepared for this research. The speciation of all solutions except 21, 
and 28 to 30 were determined. 
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4 ASSESSMENT OF THE USE OF RAMAN SPECTROSCOPY TO IDENTIFY 
VANADATE SPECIES 
As mentioned in the previous chapter, the speciation of vanadate in Stretford solutions has been 
studied using V" NMR spectroscopy [4,7,13,16,42]. Other complementary methods may be used to 
determine the species present in order to obtain structural information about vanadate species present. 
Raman Spectroscopy is a technique that may be suitable for the determination of vanadate speciation 
in this study [31,34,36]. 
4.1 INTRODUCTION TO RAMAN SPECTROSCOPY 
Light incident on a molecule may be absorbed, emitted or scattered. Molecular energy levels 
associated with the internal vibration/rotation of molecules occur in the infra red region of the 
electromagnetic spectra, between 10,000 and 10 cm". Absorption oflight incident on a molecule can 
cause a change in molecular energy level. The wavelength and intensity of this energy change is 
measured by infra red spectroscopy. Raman spectroscopy is the measure of the wavelength and 
intensity of inelastically scattered light from a molecule such that the emitted radiation has a different 
wavelength than that of the incident radiation. Raman activity occurs when there is a change in the 
polarizability of a vibration which scatters the incident light. 
Both infra red and Raman spectroscopy can be used to obtain information about the structure of a 
molecule from its characteristic vibrations. The techniques are complementary, and ifthe molecule 
has a centre of symmetry, then vibrational modes that are active in the infrared mode are inactive in 
the Raman mode, and vice versa [43,44,45]. 
Griffith and Wickins [34] studied the vanadate species present in aqueous solution as a function of pH 
in order to supplement work carried out by V" NMR spectroscopy. Raman spectroscopy is able to 
elucidate more information about structure of the species present than V" NMR spectroscopy. 
Vanadium solutions (2 M) were studied at pH intervals of about 0.15 over the alkaline range. Raman 
bands were assigned according to the evidence of simplicity (implying single symmetric species), 
concentration effects and changes in pH. This, and in comparison to V" NMR spectra, led to the 
identification of bands for VO/, HVO/', V,O,'" HV,o/ and (VO,)...- (the value ofn could not be 
determined). More recently Amado et al [31] carried out a similar study with solutions containing 
lower concentrations of vanadium, 50 to 100mM. The effect of solution pH, concentration and ionic 
strength on the vanadate species in solution were studied, again with additional information from V" 
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NMR spectra. Similar species were found in solution to those reported by Griffith. The (VO,):' band 
being assigned as the tetramer and less stable species, V,O,,'", V,O,:-. Corresponding linear 
molecules were also assigned Raman bands. 
4.2 PRELIMINARY EXPERIMENTS WITH RAMAN SPECTROSCOPY 
It is possible that Raman spectroscopy may be used to identif'y the vanadate species present in the 
synthetic Stretford solutions to be studied in this research, Raman spectroscopy being fast, 
economical, and has a greater availability than V" NMR spectroscopy (46). An investigation into the 
viability of using Raman spectroscopy to identif'y the vanadate species in the synthetic Stretford 
solutions was undertaken. Amado et al (31) did not analyse any solutions below a vanadium 
concentration of 50mM as they reported that lower concentrations yielded unfavourable signal to noise 
ratios. The typical concentration of vanadium in a Stretford solution is 33mM. It was decided 
however to proceed with preliminary experiments as differences in instrumentation may mean that 
lower concentrations of vanadium may be detected. 
4.2.1 Experimental 
The composition of the solutions analysed had increasing TAN ratios similar to solutions 1, 3 and 5 
(Table 1). 100 rnls of each solution was prepared, (using the procedure detailed in Chapter 7), 
however the actual concentration of carbonate, hence TA, was greater than detailed in Table 1. This 
was because the vanadium stock solution contains carbonate which was not taken into account when 
preparing these solutions. The solutions were labelled 31 to 36 and the actual solution compositions 
are detailed in Table 2. 
The solutions were analysed using a Perkin Elrner System 2000 FT IRlFT NIR Raman Spectrometer. 
The solutions were placed in glass cells. The laser power was set at 1000mW. The solutions were 
scanned 200 times each. This research is particularly concerned with distinguishing the dimeric and 
cyclic tetrameric species, therefore the spectra were recorded in the region of 800 to 1000 cm" where 
bands assigned to these species can be differentiated. 
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Table 2 Composition of Solutions Prepared for Analysis by Raman Spectroscopy 
Na,CO, NaHCO, TA HCO, V TAN pH ADA 
gll M gll M gll M I CO, gll M gll 
31 5.5 0.052 12.9 0.153 13.7 0.129 2.9 1.62 0.032 4.0 9.1 4 
32 9.3 0.087 35.3 0.420 31.5 0.297 4.8 1.66 0.033 9.0 8.9 4 
33 13.8 0.130 64.1 0.763 54.3 0.512 5.9 1.62 0.032 16.0 8.8 4 
34 9.3 0.088 34.7 0.404 31.2 0.294 4.6 0 0 0 - 4 
35 3.5 0.033 0.2 0.002 3.6 0.034 0.06 1.62 0.032 1.0 - 0 
36 85.4 0.805 4.8 0.058 88.4 0.834 0.07 39.5 0.775 1.1 10.0 0 
Wickins and Griffith [34] reported the following bands produced by the dimer and cyclic tetramer 
vanadate species; 
Wavenumber cm ., 
V,O,'- 877 850 810 503 351 228 
Hv,ol 915 905 877 850 805 500 351 210 
(VO, )" 945 905 630 490 360 
4.2.2 Results and Discussion 
The spectra obtained for solutions 31 to 36 are shown in Figs 7 to 12. The first solution analysed was 
solution 34. This blank solution had a typical Stretford composition but with no vanadium. The 
spectra (Fig 7) shows deviations from the baseline of low intensities. These deviations are not 
significant. Solutions 31 to 33 had increasing TAN mol ratios. The blank spectra was subtracted 
from the solution spectra and the resulting spectra can be seen in Figs 8 to 10. No Raman bands 
associated with vanadate species were observed in these spectra. Fig 11 is the spectra of solution 35. 
This solution contained 1.6 gil vanadium, very low concentration of carbonate !bicarbonate and no 
ADA. No Raman bands can be seen in this spectra. 
A scan of the undiluted stock vanadate solution was obtained in order to determine if Raman bands 
could be determined in more concentrated solutions. Fig 12 is the spectra of the vanadate stock 
solution. Bands were observed in the spectra of this solution after one scan. Two bands were 
identified; at 922 cm" and about 875 cm-'. Comparing these bands to the assignments made by 
Wickins and Griffiths it seems reasonable to assign these bands to the HV,O," species. This species 
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would be expected to be stable in the vanadium stock solution, which has a pH of 10 and a 
concentration of 0.8 M [22). 
4.2.3 Conclusion 
Raman spectroscopy is a useful technique in the analysis of concentrated vanadate solutions, but 
unfortunately, it was not sensitive enough to determine the vanadate species present at the 
concentrations typically found in Stretford solutions. 
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5 DETERMINATION OF VANADATE SPEC lA TION USING V" NMR 
SPECTROSCOPY 
The majority of modern studies concerned with the aqueous chemistry of vanadate have involved the 
use of V'l NMR spectroscopy to identify the vanadate species present [21,22,31,39]. 
5.1 INTRODUCTION TO NMR SPECTROSCOPY 
Nuclear Magnetic Resonance spectroscopy is defined as the absorption and emission of 
electromagnetic radiation by the nuclei of certain atoms when they are placed in a magnetic field. 
Some nuclei are considered to be spinning, therefore act as moving electrical charges, and will have 
an associated magnetic moment. In the presence of an external magnetic field, the magnetic moments 
will precess, at a fixed frequency, about an axis which lines up with direction of the external magnetic 
field. The orientation of the axis can only be in certain directions relative to the external field. 
Application of electromagnetic radiation of a certain frequency can change the orientation of the axis 
from a low to high energy state, absorbing energy from the oscillating magnetic field decreasing its 
intensity. 
Structural information is determined by the chemical environment of the nucleus and interactions 
between neighbouring nuclei. Absorption bands correspond to particular nuclei or groups of nuclei. 
Differences between absorption bands are referred to as chemical shifts. Chemical shifts arise due to 
bonding electrons between nuclei circulating in the field direction, creating a small localized magnetic 
field opposing that of the applied magnetic field. The magnitude of the opposing field is directly 
related to the electron density around the nuclei which is determined by the electronegitivities of 
neighbouring nuclei. Chemical shifts are measured in frequency relative to a standard [47,48,49]. 
5.1.1 Assignment of Chemical Shifts 
V'l NMR spectra of aqueous vanadate solutions were first reported by Hatton et al [32] in 1964. 
Many studies have been undertaken since then, as detailed in Chapter 3. In general, chemical shifts 
have been correlated linearly with the protonation state of vanadium and follow the tetrahedrally 
co-ordinated species VO/. Subsequent species representing linear and cyclic combinations of the 
VO, tetrahedra. Most studies also assigned resonances by comparing evidence sought from 
assignments made using other techniques. Larson plotted the chemical shifts of vanadate species as a 
function of pH. This graph is shown in Fig 13 [22]. 
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NOTE Shifts appear in the negative direction to the standard but are quoted positive in this table for convenience 
Author Date I Refl T I Std I Start I [V) 
'C Material g!I pH pH 
Other 
Shiftl Species 
Halton. Saito. 19641321 ? I NH.VO]I NH,VO]I ? - ,13-101 15 I - I - 113-9.51 45 , - , -, - '10-71 0 I 1, -
Schneider 
Howarth. Richards 119651 33 1231 VOCI, NaVO, 11,2, 
0.5 
O'Donell, Pope 19761501301 VOCI, NaVO, I 5.1-
15.3 
Habeyeb. Hileman 119801391251 VOCI] NaVO] 11.5-
12.7 
Habayeb 19811511 ? I 7 7 I? 
Heath. Howarth 19811211071 VOCI, INH.VO,125-
0.02 
T Haley 19831421251 VOCI] I NH.VO] I 2 5 
14-1115361 >11 1533113-11 
14-11 536 >9.9 533 13-11 
556.2 110.3-8.815771 -
556.2 9.9-9.2 562 -
<9.91 573 1 ? 
<9.3 573 ? 
>9 I 536 12-9 1556-562 
14-9 I 536 >9 I 556 
>12 I 541 I >8.4 I 539 >9 561 
13-9 555 
11-9 
<9 
11-8 
562, -
<9 1527-1 ? 
575 
<8.5 I 57413/418.5-71 582 Y60174. 
- , -, - '9-7 157413/41 9-7 15821 V,O,," 
56419-71 5691<8.8157814cl <815861 V,O,," 
<8 589 V,O,," 
567, - <10 I 5771 ? I 9 I 5861 unknown 
Vermaire, deHaan 
~ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2.4 
7 
11.8 
14 
8.5 554 - , 9 I 570 I 8.5 157813/41 8.5 15871 V,O,," 19881 4 1231 VOCI, [NH,VO,[ 2 
2 
2 
2 
Delaney,Schramm 119911 7 I ? I VOCI, 
Amado,Aureliano 119931 31 1251 VOCI, 
Ribeiro-Claro et al 
BO Unpublished 19951161251 VC I] 
+ 
40 
? 3 2.5 
NaVO] I 2.5 
- 5 
Na VD] I 1.82 I 10.5 
1.82 1.05 
0.36 53.1 
0.36 0.1 
1.05 
Larson 19951221251 VOCI] I NaVO, 11.6/2, -
0.5 ' 
8.5 564-565 
9-7.5 559 
12-9.215391 12.3 561 
10.34 I 556.8 
>9.51 537 
>9 537 
9.96 
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10.08 
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1
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569 
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9-7.515761419-7.51 7 
9.2 15781 4 
10.3158014 
V60 I,4. 
V]O, ,. 
- , 9.961 582IH,V.O,,'" 
10.4158014 
- , 10.1 I 582IH,V,OIl" 
9.2 15771 4 
6-9157514 
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5.2 PRELIMINARY EXPERIMENTS TO EVALUATE NMR FACILITIES 
In order to evaluate the NMR facilities available for this research, preliminary experiments were 
undertaken. Similar solutions to those determined for the Raman experiments were analysed and the 
compositions detailed in Table 4. Solution compositions were chosen similar to test solutions I, 3 and 
5 in Table I. Solution 37 was optimised to contain the tetrameric species, solution 39 the dimeric 
species and solution 38 both dimeric and tetrameric species. As with the solutions determined by 
Raman spectroscopy, 100ml of each solution was prepared (details of solution preparation and 
reagents are given in Chapter 7). The contribution to the carbonate concentration from the vanadium 
stock was not taken into account. Solutions 37-39 were prepared 3 weeks before the analysis, solution 
41 was prepared on the day of analysis and had the same composition as solution 36 but with no 
ADA. 
The pH of solutions 37-39 and 41 was adjusted to 8.5. The original pH of each solution varied from 
pH 9.5- 9.0. The phase diagrams of species present at differing pH and concentration, Figs 3 and 5, 
indicate that at a vanadium concentration of 0.032 M and at pH 9, several vanadate species may exist 
in equilibrium, proportions of which will change with small changes in pH. At pH 8.5 it has been 
reported that the major species present is the tetramer. Adjusting the pH of each solution to 8.5 
ensured that major species in each solution was the tetramer, and appearance of other species being 
due to the influence of carbonatelbicarbonate. Solution 40 was a blank and had the same composition 
as solution 37, but was not pH adjusted, in order to investigate the effect of pH adjustment. Solution 
42 was the vanadate stock solution analysed to determine the species present in more concentrated 
solutions. 
Table 4 Proposed Composition of Solutions Prepared for V" NMR Analysis 
Solution Na,CO, NaHCO, TA [V] TAN pH ADA 
(g/I) (g/I) (g/I) (g/l) Before After (g/I) 
37 2.00 12.47 9.9 1.62 2.9 9.39 8.49 4.0 
38 5.72 35.05 27.8 1.66 7.9 9.20 8.48 4.0 
39 10.24 63.93 50.8 1.62 15.0 9.03 8.50 4.0 
40 2.00 12.51 9.9 1.62 2.9 9.48 - 4.0 
41 5.72 35.0 27.8 1.62 8.2 9.32 8.50 -
42 95 - 95 39.53 1.15 9.97 - -
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In order to determine their actual composition, the solutions were analysed for carbonatel bicarbonate, 
vanadium and ADA, using standard British Gas methods of analysis for Stretford solutions [52]. The 
results are detailed in Table 5. 
Table 5 Actual Composition of Solutions Prepared for vS! NMR Analysis 
Solution [Na,CO,] [NaHCO,] TA [V] TAN pH ADA 
(gll) (gll) (gll) (gll) (gll) 
37 - 21.63 13.66 1.62 4.03 7.97 2.97 
38 - 50.66 32.0 1.68 9.15 8.20 3.29 
39 - 87.33 55.0 1.62 16.21 8.32 2.79 
40 5.74 12.61 13.70 1.68 3.92 9.24 3.14 
41 nd nd nd nd nd 9.06 nd 
42 95 - 95 39.53 1.15 9.97 -
nd = not determmed 
Analysis of the solutions confirms that adjusting the pH to 8.5 alters the carbonatelbicarbonate 
equilibrium to favour bicarbonate production as expected. 
5.3 NMR ANALYSIS 
The samples were analysed using a Bruker 400MHz FT NMR spectrometer. The spectra were 
obtained at 105.21 MHz and 24'C. Each sample was contained in a 5mm NMR sample tube with an 
insert, containing deuterated benzene, in order to lock the signal. The shifts were measured relative to 
VOCI,. Samples were subjected to 500 scans. 
5.3.1 Results 
The spectra obtained can be seen in Figs 14 to 19. The resonances that appear in the spectra were 
assigned and summarised in Table 6. 
The resonances were assigned by comparison to the literature, Table 3. Two major resonances occur 
in most of the solutions. The first was between -573 to -576 ppm which was assigned to the cyclic 
tetramer v.o12 4· [21,22,31,39]. 
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Table 6 Assignment of Resonances (pp m referenced to VOCI,} 
Solution HVO,'- HV,O,'- V,013 0- V,O" ,- V60 17 
,-
37 - -56\,4 -568_0 -576_1 -584_0 
38 - -562.8 - -573.0 -
39 - -563.0 - -573.5 -
40 -547.0 -564.6 - -576.0 -
41 - -562.1 -568.0 -573.8 -
42 -539.0 -565.0 - - -
The second major resonance between -561.4 and - 565 ppm was assigned to the protonated dimer, 
HV,O," [21,31,33,39,42]. The resonance at -568 ppm appears in the spectra of solutions 37 and 40, 
and was assigned to the linear tetramer V,013o- [4,21]. The resonance at -586 ppm was only found in 
solution 37, and was assigned in the literature to both the hexamer V60 17 ,- [4,51] and pentamer 
V,O,,s- [16]. This work, however, was in agreement with Vermaire and de Haan [4] who assigned this 
resonance to the hexamer. Evidence for this assignment is that if the pentamer dissociates then the 
monomeric species, HVO/, would be produced 
v ° ,. + OW "" V 0 ,. + HVO,'-5 15 4 12 (35) 
This was not observed in the spectra as the resonance at -586 ppm disappears. The resonance at - 539 
and -547 ppm was assigned to the monomer HVO/ [21 ,22,31]. 
5.3.2 Discussion 
Solutions 38 and 41 had the same composition, however, 41 did not contain ADA and was freshly 
prepared. The NMR spectra (Figs 13 and 16) of these two solutions were essentially the same 
indicating that ADA and standing time does not effect the species present. 
Solutions 37 to 39 each had the same vanadium concentration and pH, but increasing TAN ratios. 
All three solutions contained dimeric and tetrameric species, but solution 37 also contained some 
linear tetramer and hexamer. These observations are in general agreement with Vermaire and de 
Haan's work [4]. The disappearance of the hexamer is explained by its dissociation to the dimer and 
tetramer at increased TAN. 
V60 17 '- +20H-+CO,'" "" V,O,,'- + HV,O,'-+HCO,- (36) 
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The proportion of dimer to tetramer in solution 38 (higher TAN) was greater than solution 37. 
Solution 39 had a high TAN ratio of 16 and had a greater proportion oftetramer to dimer which was 
not expected. Vermaire and de Haan [4] reported that as the TAN ratio increases, the dimer is 
stabilised compared to the tetramer. The maximum TAN that they studied, however, was 14. These 
preliminary results indicate that the relationship between dimer/tetramer ratio and TAN may reach an 
optimum value. 
A comparison between solution 40 and 37 illustrates the appearance of other species at pH>9. 
Solution 40 has a pH of9.5 and a TAN of 4.0. This indicates the appearance of the monomer at 
higher pH. Solution 37 has the same TA as solution 40 but a pH of8.5. In this solution the tetramer, 
dimer and hexamer were identified. This illustrates that in the pH range to be studied in this research, 
speciation can change with small changes in pH, therefore in laboratory tests it is necessary to closely 
control pH at a constant value in order to establish the effect of carbonatelbicarbonate on speciation. 
Solution 42 contained a large concentration ofprotonated dimer and some protonated monomer. This 
is in agreement with the Raman Spectroscopy study, and is as predicted from the phase diagram 
prepared by Larson, Figure 5 [22]. 
5.3.3 Conclusion 
NMR analysis can be used to produce spectra that indicate the vanadate species present in synthetic 
Stretford solutions. The spectra obtained in this preliminary investigation are noisy. If an increased 
number of scans are taken it will be possible to produce better quality spectra. 
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Figure !4 y" NMR Spectra of So!ution 37 
TAN = 4,Q ADA - 3 gD pH = 8,Q 
-.:!. 
( 
-
Chemical Shift (ppm) 
Figure 15 V'. NMR Spectra ofSo\ution 38 
TAN = 9,1 ADA = 3,3 gD, pH = 8,2 
Chemical Shift (ppm) 
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Figure \6 y" NMR Spectra ofSo\utiou 39 
TAN = \62. ADA =2 8 gO. pH= 8.3 
~ 
\ . 
Chemical Shift (ppm) 
Figure 17 v" NMR Spectra ofSo\ution 40 
TAN = 3,9. ADA = 3 \ gO. pH = 9.2 
Chemical Shift (ppm) 
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Figure 18 y" NMR Spectra of Solution 41 
TAN = 8.2. No ApA.pH=9.1 
Figure 19 
TAN - 1.2. No ADA. pH = 10 
-
.... 
i 
Chemical Shift (ppm) 
y" NMR Spectra of Solution 42 
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I 
Chemical Shift (ppm) 
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6 RECOMMISSIONING OF THE BRITISH GAS LABORATORY SCALE 
OXIDISER 
The effect of speciation on the oxidation process can be determined by following the reoxidation of a 
reduced Stretford solution using a laboratory scale oxidiser. One litre of Stretford solution is 
prepared and the vanadium (V) reduced with hydrogen sulphide. The reduced solution is allowed to 
stand for 20 minutes to ensure complete reaction. A sample is removed and the total vanadium 
concentration determined by titration. The solution is transferred to an oxidising vessel and air 
passed through to reoxidise the vanadium from V(lV) to V(V). Aliquots of solution are removed at 
certain times during reoxidation and the vanadium (V) content determined by titration. Oxidation 
curves are prepared by determining the percentage vanadium present as V(V) with time [52). If the 
solution composition changes the kinetics of reaction then the oxidation curves change. The results 
can be used to obtain quantitative kinetic information about the reaction. It has been well established 
that trends observed in the oxidation reaction using the laboratory oxidiser are mimicked in actual 
Stretford plants [5,6,16,53]. 
6.1 THE EXISTING BRITISH GAS LABORATORY OXIDISER 
The existing British Gas laboratory scale oxidiser is used for quality assurance tests of commercial 
ADA. The oxidation curves ofStretford solutions containing standard and high quality ADA are 
determined. The oxidation curve of a solution containing the ADA to be tested is compared to these 
curves and passes if its curve reaches a higher percentage oxidation than the standard quality 
assurance curve. 
The laboratory scale oxidiser contains three units; the reduction vessel, the oxidation vessel and the 
samplinglautotitration system. Diagrams of each unit are illustrated in Figs 20 to 22. 
6.1.1 Reduction Vessel 
The reduction vessel (Fig 20) consists of a I litre dreschel bottle, fitted with a sintered bubbler and 
containing a magnetic stirrer bar. The fresh Stretford solution is placed in the dreschel. The vessel 
sits inside a beaker of water, at 25°C, on a magnetic stirrer (Harvard / LTE). Laboratory nitrogen is 
passed into the solution to expel oxygen, followed by a hydrogen sulphide/nitrogen special gas mix. 
The hydrogen sulphide is absorbed by the Stretford solution and the unabsorbed nitrogen flows 
through the outlet to potassium hydroxide and copper sulphide traps. These traps protect against 
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hydrogen sulphide slippage. The gas flows from the traps to a flow meter (Alexander Wright DM3B, 
I litre) which registers the quantity of nitrogen passed. The reduction and oxidation apparatus is 
contained within a fume cupboard. 
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6.1.2 Oxidation Vessel 
The oxidation vessel (Fig 21) is jacketed and the solution temperature kept constant using a Heto 
recirculating water bath. The Stretford solution is introduced into the top of the vessel via one of the 
five inlet ports. A bubbler is fitted to a second inlet port to which the laboratory air is connected. A 
steel stirring rod is fitted through a third port and connected to a stirrer (Heidolph). The solution pH 
and temperature are monitored by placing a temperature probe and pH probe in two of the four 
sampling ports. The sampling probe and sampl~ return tube is placed in the third port. 
6.1.3 SamplinglAutotitration Apparatus 
This sampling apparatus (Fig 22) is situated on a bench next to the fume cupboard containing the 
oxidation and reduction vessels. Samples of solution are taken automatically from the oxidiser vessel 
via PTFE tubing fitted to the sample probe. A peristaltic pump (Watson-Marlow 503 U) draws the 
solution into a 10 ml pipette (Applikon). The solution flows through the pipette and the excess 
returned to the oxidiser vessel via PTFE tubing. This ensures that the pipette is completely full. The 
pipette is connected to a PTFE sample valve. The pipette/valve unit is situated above a Metrohm 
titration vessel. The titration vessel contains a stirrer bar and sits on a Metrohm (649) magnetic 
stirrer. The top of the titration vessel contains five inlet ports. These ports contain a platinum redox 
electrode (6.0402.100, combined metal cap), PTFE tubing to remove vessel contents, an acid shower, 
a Metrohm Dosimat burette tip, and a glass transfer tip from the bottom of the sample valve. The 
sample valve is opened automatically and the 10 ml sample flows down the transfer tip into the 
titration vessel. The sample is acidified by a sulphuric/phosphoric acid mix delivered by a Metrohm 
pump (683) through the acid shower. Titrant (ferrous ammonium sulphate) is introduced to the 
titration vessel in a controlled manner from a Metrohm Dosimat (665). 
The solution potential is monitored throughout the titration using a platinum electrode. At the end qf 
the titration the contents of the vessel are withdrawn to waste using a Metrohm pump (683). The 
sampling and titration process is controlled by a Metrohm titroprocessor (670). The switching times 
of the peristaltic pump, acid pumps, Dosimat and the sample valve are all controlled by programming 
the titroprocessor. The electrode response is also monitored by the titroprocessor and the titre 
printed. The existing titroprocessor program is detailed in Fig 23. The mode of titration is 
monotonic, i.e. the titration process ends when 14 mls of titrant is delivered. This controls the 
sampling time such that a sample is taken every 10 minutes. The number of sampling operations is 
set to 7 so that the reaction is monitored over a period of about 60 minutes. 
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Fjgure 22 Automatic Sampling and Tjtration Apparatus 
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ON LIHE TITRATION - BRIT!SH GAS 
OPERATIONS/PARAMETERS 
CTR 16; 3.0 s 
CTR 11; li.0 s 
0CTR11; 3.0 s 
CTR'11; 2.0 s 
0CTR11; 3.0 s 
0CTR16; 3.0 s 
CTR 13; 10.0 s 
CTR 15; 5.0 s 
0CTR15;0CTR13; _ 100 ms 
CTR 12;CTR 11; 12.0 s 
0CTR11; 0CTR12; 100 ms 
MEAS 1; 
QUANTITY U 
DRIFT /min OFF 
M.DElAY 3 s 
MONT 1; 
V.MONOT 100 uL 
ON LIHE TITRATION - BRITISH GAS 
a b 
1:3b 
H 
Ha 
Hb 
lic 
15 
16 
17 
18 
19 
20 
21 
22 
METHOD i PAGE 3A 
OPERATION SEQUENCE 
OPERATIONS/PARAMETERS 
DOS. RATE /min 35.000 mL 
TSTOP ; 
N.EPs 
VOLUME 
M.VALUE 
CTR 14; 
CTR 15; 
0CTR15; 
CTR 15; 
0CTR15; 
NOP 
0CTRli; 
END ; BEE? 
c 
8 
H.000mL 
OFF 
10.0 s 
3.0 s 
3.0 s 
3.0 s 
3.0 s 
15 s 
100 ms 
; BEE? 
METHOD i PAGE i 
DATA OUTPUT_ 
d e 
IlS/OOII --' Y.AXIS/BEG Y.AXIS/EHO X.AXIS/QIV EPC.THRESH pK or HHP 
1 1 U 3'77 mY /SS mY 1. 00 mL 10 NO 
RECORD RR ex 
SEND 
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6.2 THE INITIAL ASSESSMENT OF THE EXISTING LABORATORY SCALE 
OXIDISER 
In order to assess the performance of the existing test and its application for this research several 
quality assurance tests were performed. An investigation into the oxidation curves obtained with 
varying total alkalinity was carried out. 
6.2.1 Quality Assurance Tests 
Stretford solutions containing different quality ADA were subjected to a reduction and oxidation 
cycle. The ADA samples used were; a high quality Japanese ADA containing mainly the 2,7 isomer, 
the standard quality assurance ADA supplied by ICI (Elvada 1254), a Chinese ADA which failed the 
test and a solution containing no ADA. Stretford solutions containing the high quality and failed 
ADA were prepared in duplicate. Each of the solutions were prepared following the standard 
procedure detailed in Method I, Appendix I. The solutions contained 4 g/I Na,C03, 25 g/I NaHC03, 
5ppm iron and 1.6 g/I vanadium. 4 g/I of active ADA was also added to each solution. 
The activity of ADA is a measure of its purity. The impurities in the ADA were determined prior to 
solution preparation, details of the analysis and results are presented in Appendix 2. From the 
analysis the quantity of ADA needed to be added to each solution can be calculated such that the 
active content is 4g/1. 
The automatic sampling system was set up to take samples every 10 minutes during reoxidation. 
Table 7 details the composition of each solution and percentage vanadium as V(V) with time, 
recorded during oxidation. The oxidation curves prepared for these solutions are presented in Fig 24. 
The oxidation tests clearly show how adding ADA affects the reoxidation of Stretford solutions. 
Without ADA the solution was only 55% reoxidised after an hour, whereas Stretford solutions 
containing ADA that failed the quality test reoxidised to 80% in an hour. 
These tests also demonstrated how a good quality ADA enhances reoxidation compared to a standard 
and a failed ADA. Duplicate determinations of solutions containing the high pass and failed ADA 
indica!ed that the reproducibility ofthe existing method was not adequate for this research. 
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Figure 24 Quality ASSUrance Tests 
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Table 7 Results ofOuality Assurance Tests 
ADA Jap 2,7 High Chinese Fail Elvada 1254 NoADA 
Pass StdQA 
I 2 I 2 
wt (g) 4.85 4.85 5.20 5.20 5.17 0 
rVll11 1.62 1.64 1.61 1.61 1.65 1.57 
Time (m ins) % Oxidation 
0 23.2 22.5 20.9 18.1 23.3 20.7 
10 65.6 64.0 33.8 29.2 57.8 45.7 
20 74.3 73.6 38.9 53.7 65.2 52.2 
30 83.5 77.5 55.9 67.0 68.1 54.1 
40 90.6 83.3 63.2 72.5 73.5 53.1 
50 94.1 86.8 74.0 70.2 78.5 55.2 
60 99.1 95.7 81.5 79.1 84.5 55.3 
6.2.2 Investigation into the Variation in Oxidation Curves with Varying Total Alkalinity 
The previous experiments indicated that differences between ADA quality can be demonstrated using 
the existing laboratory scale oxidiser. The differences in oxidation curves of solutions containing 
varying total alkalinity and vanadium concentrations may be more subtle. In order to investigate this 
three Stretford solutions were prepared in a similar manner as the previous experiments, containing 
differing total alkalinities (20, 40 and 60g/1) and a high quality ADA. Each was subjected to a 
reduction/oxidation cycle. In order to gain more data points, samples were taken manually from the 
reaction vessel, via a 10 ml bulb pipette. To determine the vanadium(V) concentration the samples 
were acidified and titrated with ferrous ammonium sulphate (Method 3, Appendix I). The results of 
these oxidation tests are detailed in Table 8. The oxidation curves can be seen in Fig 25, which 
indicates that increasing total alkalinity improves the reoxidation rate. It should be noted that the 
difference between solutions containing 40 and 60 g/I TA was not as large as expected and may not 
be significant if the reproducibility of these curves is similar to the quality assurance tests. The 
existing laboratory scale oxidiser is suitable to monitor qualitative differences in oxidation reactions 
due to variation in solution composition. It is not suitable, however to obtain quality quantitative 
results, therefore improvements were required in order for the equipment to be used in this research. 
-58-
. ".' 
Figure 25 Oxidation Curves of Solutions with Different Total Alkaljnities 
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Table 8 Results of Oxidation of Solutions with Different Total Alkalinities 
TA 20gl1 40gl1 60g/1 
wt ADA (g) 4.85 4.85 4.85 
rVl g/I 1.51 1.49 1.46 
Time (mins) % Oxidation 
2 - 21.5 25.3 
4 
- - 38.4 
5 40.5 37.8 -
6 
-
39.5 
-
8 - - 49.8 
10 - 55.1 61.1 
15 55.7 
- 92.6 
16 - 89.2 -
20 61.6 92.1 98.7 
25 67.5 - -
30 - 94.7 102.3 
40 76.8 99.0 102.2 
50 81.9 
- 104.8 
60 81.9 -
6.3 AL TERA TIONS TO THE LABORATORY SCALE OXIDISER 
Several alterations were made to the apparatus in order to improve the quality of reoxidation results 
and determine the reproducibility of the sampler/autotitration apparatus. 
6.3.1 Alterations to Oxidation/Reduction Apparatus 
The reaction vessel was coated in sulphur, had a corroding metal stirrer rod, sampler tip, metal 
temperature probe and a sulphur coated pH electrode. The pH electrode, temperature probe and extra 
sampler tip were removed. The metal stirring rod was replaced with a PTFE rod. The cell was 
completely cleaned of sulphur. The pH and temperature probes were replaced with new probes 
(Jenway 3100 with Russel pH electrode, PHP-I 00-01 07). 
In order to improve titration reproducibility the titration cell and pipette were positioned as close as 
possible to the oxidation vessel. The input and output lines from the reaction vessel to the titration 
vessel were shortened to reduce the amount of sample collecting in these lines. The reduction vessel 
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was replaced by a jacketed vessel and the temperature control of the reduction reaction improved by 
using a Heto recirculating water bath. 
The program controlling the automated sampling was modified in order to optimise the time of 
pipette filling, excess return, sample delivery into the titration cell, cell washing and drainage. 
6.3.2 Reproducibility of Sampler! Autotitration Process 
The reproducibility of titration was tested by preparing I litre of standard Stretford solution 
containing a high quality ADA. The unreduced solution was placed in the oxidiser vessel, sampled 
and titrated automatically. An initial run of twenty samples was set to be taken but it became 
apparent after the first few samples that bubbles were being produced in the pipette. The titration 
program was also reporting the incorrect end point. 
This problem was overcome by slowing down the rate at which solution was pumped into the pipette. 
The end point detection criterion was set too low such that noise was being detected as the end point 
and reported. Increasing the end point detection criterion ensured that the correct end point was 
detected. A second set of twenty samples were taken and the results are presented in Table 9. 
Table 9 Reproducibility of Sampling Process in Monotonic Mode 
Number Titre (ml) Number Titre (ml) 
I 11.40 II 11.45 
2 11.18 12 11.55 
3 11.40 13 11.74 
4 1l.55 14 11.78 
5 11.03 15 11.70 
6 11.08 16 11.64 
7 11.33 17 11.49 
8 11.37 18 12.19 
9 11.48 19 11.87 
10 11.60 20 11.99 
The average titre was 11.54 ml with a standard deviation of 0.29 ml, ie 2.5%. This result indicates 
that the reproducibility oftitration was satisfactory after the improvements had been incorporated. 
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6.3.3 Increasing the Number of Data Points 
The automatic titration was set to monotonic mode so that the titration continued until 14mls of 
titrant was expelled. This process takes 10 minutes and therefore only six data points were obtained 
over 60 minutes. To obtain good quality oxidation curves it was necessary to obtain more data 
points. This was possible by changing the mode of titration to dynamic titration. In this mode the 
titration ends once a set number of end points were found. An end point criterion was set up such 
that noise was ignored. In this way more data was collected during the beginning of oxidation than 
towards the end, and the number of data points collected over 60 minutes approximately doubled. 
The modified titroprocessor programme is detailed in Fig 26. 
The reproducibility of the sampler and titration process was determined. A standard Stretford 
solution was prepared in a similar manner to the previous sets of experiments and samples 
continually taken over 2 hours. 
The results are detailed in Table 10. The average of 18 samples was 13.25 mls and the standard 
deviation 0.32 ml, ie 2.4%. Even though two samples gave erroneous end points the reproducibility 
of this sampling/titration method was not significantly different to that in monotonic mode. 
Table 10 Reproducibility of Sampling Process in Dynamic Mode 
Number Titre (ml) Number Titre (ml) 
1 12.85 II 13.30 
2 12.82 12 -
3 12.91 13 13.43 
4 12.84 14 13.51 
5 - 15 13.50 
6 12.88 16 13.37 
7 13.14 17 13.94 
8 13.31 18 13.21 
9 13.19 19 13.51 
10 13.10 20 13.72 
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Figure 26 Dynamic Tjtmprocessor Program 
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3 0CTR11; 3.0 S 
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5 0CTR11; 3.0 s 
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7 CTR 13; 10.0 s 
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9 0CTR15;0CTR13; 10e MS 
10 CTR 12;CTR 11; 12.0 s 
il ".; nUl; IlI,;Tt(li:::; I illS ms 
12 MEAS 1; 
12a QUANTITY U 
12b DRIFT /Min OFF 
12c M.DELAY 3 s 
13 DVHT 1; 
13a MPT. DENSITV 0 
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lia 
lib 
lic 
15 
16 
17 
IS 
19 
20 
21 
22 
METHOD 9 PAGE 3A 
OPERATION SEQUENCE 
OPERAT I ONs/PARAt~ETERS 
DOS. RATE 
f.VRESOL 
TSTOP ; 
N.EPs 
VOLUME 
M.VALUE 
CTR li; 
CTR 15; 
eCTR15; 
CTR 15; 
IICTR15; 
NOP 
eCTRli; 
END ; BEEP 
MAX. 
B.10 l( 
1 
li.000 ML 
OFF 
10.0 s 
3.0 s 
3.0 s 
3.0 s 
3.0 s 
15 s 
10e MS 
; BEEP 
METHOD 9 PAGE i 
DATA OUTPUT 
a b c d e 
0$/0011 
111 U 
2 
3 
V.AXIs/BEG V.AXIS/END X.AXIS/oIV EPC.THRESH 
see mV -S00 mV 1.00 ML 5 
pK or HHP 
NO 
·i 
5 RECORD RR 
6 
7 
S SEND 
ON LINE TITRATION - BRITISH ·GAS 
REAL a b 
EPII DS/oOII Id. LIM 1 
1 1 1 1 U -2.00 V 
ON LINE TITRATION - BRITISH GAS 
a b 
RES. QUANTITY RI, Ill, CX FORMULA 
1 TITRE Rl=EU:Cl 
2 
c 
Id.LIM 2 
2.e8 V 
.{j3-
d 
METHOD 9 PAGE 5 
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6.3.4 pH Control 
The existing apparatus was set up to monitor the pH during the reaction but not control it. 
Preliminary NMR experiments (Chapter 5) indicated that close control of pH is essential for this 
research. Previous work [53) has shown that CO, is stripped, by air, from the solution during 
reoxidation, shifting the carbonate bicarbonate equilibria to favour carbonate, hence increasing pH. 
In order to control pH a second bubbler was placed into the oxidation vessel. This was attached to a 
flow meter (Platon 250 ml/min) and a cylinder of carbon dioxide. The pH during the reoxidation of a 
standard Stretford was initially monitored and found to increase by about 0.5. It is possible that for 
some of the solutions studied this change may be more. The pH of a second oxidation reaction was 
monitored, with 50 mls/min CO, bubbled through the solution during reoxidation. lfthere was any 
change in pH the flow rate was adjusted. In this way the pH was controlled within 0.1 pH units. 
6.4 EV ALUA TION OF IMPROVEMENTS 
In order to evaluate the improvements made to the apparatus, reoxidation tests were carried out on 
two solutions with compositions to be tested in this research, solutions 2 and 5 (see Table I). The 
solutions were prepared as detailed in Method I, Appendix I, but without iron. The contribution to 
the total alkalinity from the vanadium stock was taken into account. The actual composition of these 
solutions are detailed in Table II. These solutions were subjected to an oxidation reduction cycle. 
The pH of each solution was kept constant. The results of the oxidation tests are detailed in Table 12 
and the oxidation curves in Fig 27. 
Table II Composition of Test Solutions 
Solution [Na,CO,) [NaHCO,) TA [V) TAN pH ADA 
(gll) (gll) (gll) (gll) (gll) 
2 5.85 22.81 20.30 1.52 6.4 8.9 4.85 
5 12.42 60.73 50.75 1.66 14.7 9.1 4.94 
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Figure 27 Oxidation Curves of Test Solutions 2 and 5 
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Table 12 Results of the Oxidation of Test Solutions 2 and 5 
Time (mins) % Oxidation 
Solution 2 Solution 5 
5 48.6 45.8 
9 59.3 74.3 
13 64.5 -
14 
-
96.5 
18 70.1 
-
19 - 107.7 
22 72.9 -
27 77.3 -
32 80.5 
-
37 84.1 
-
40 - 122.2 
42 86.0 -
47 96.3 125.7 
52 92.5 
-
53 - 124.0 
57 94.6 
-
59 - 125.5 
Increasing the number of data points improved the curve shapes such that any occasional erroneous 
point may be removed (eg. solution 2, 50 mins). The oxidation curve of solution 5 was enhanced 
upwards such that the maximum percent oxidation was 125%, which was incorrect. Further 
investigation of the titration method revealed that the titration rate had been set too high. This caused 
an overshoot of the end point giving erroneously high V(V) titres. The titration rate was reduced and 
the modified titroprocessor program is detailed in Fig 28. 
A series of tests were carried out to test the differences between the three titration modes (manual, 
monotonic and dynamic) in order to ensure the dynamic titration mode perfonned as well as the other 
titration modes. The reproducibility of the oxidation curves was also investigated. Five solutions 
were prepared with similar compositions to test solution 5. Each was subjected to an 
oxidation/reduction cycle with the vanadium (V) determined by manual, monotonic and three by the 
improved dynamic titration method. The composition of solutions and results are detailed in Tables 
13 and 14 respectively. 
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Figure 28 Modified Dynamic Titroprocessor Program with Reduced Titration Rate 
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Table 13 Composition of Solutions to Test the Difference Between Titration Modes 
Solution [Na,CO,) [NaHCO,) TA [V) TAN pH ADA 
(g/I) (g/I) (g/I) (g/I) (g/I) 
Manual 10.20 64.00 50.00 1.57 15.3 8.8 4.85 
Monotonic 10.27 67.20 52.68 1.45 17.5 8.7 4.97 
Dynamic (I) 7.11 63.14 46.95 1.54 14.7 8.7 4.84 
Dynamic (2) 12.35 63.69 52.50 1.52 16.6 8.8 4.85 
Dynamic (3) 14.75 54.42 49.19 1.45 16.0 8.7 4.86 
The oxidation curves of the Stretford solutions analysed using dynamic titrations are illustrated in Fig 
29 and curves prepared using the three different titration methods are presented in Fig 30. These 
curves indicate that the oxidation curves obtained using the dynamic titration mode were reproducible 
within the error of the titration. Comparison to monotonic and manual titrations indicate that the 
dynamic titrations gave similar results with the exception of between 10 and 15 minutes. At this time 
the oxidation curves are about 10% apart. This is possibly due to a lower density of data points 
obtained using the manual and monotonic titrations. 
In summary, this section has described the steps taken in order to improve what was the existing 
laboratory scale oxidiser and provided evidence for its suitability to obtain accurate kinetic 
measurements for this research. 
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Table 14 Results of Oxidation of Solutions Using Different Titration Modes 
Time (m ins) % Oxidation 
Manual Monotonic Dynamic(l) Dynamic (2) Dynamic (3) 
4 - - 41.3 42.0 38.3 
5 43.9 - - - -
8 - - - 66.6 61.8 
9 - - 73.6 - -
10 66.7 70.3 - - -
12 - - - - 86.1 
13 - - - 93.5 -
14 - - 95.0 - -
15 87.8 - - - -
17 - - - - 98.9 
18 - - - 96.9 -
19 - - 97.4 - -
20 98.4 98.3 - - -
22 - - - 96.6 -
24 
- -
98.8 
- -
25 97.6 - - - -
26 
- - - - 100.1 
27 - - - 97.5 -
29 - - 100.7 - -
30 100.0 101.6 - - -
31 - - - - 100.5 
32 - - - 99.0 -
33 - - 98.4 - -
35 - - - - 101.8 
37 - - - 98.7 -
39 - - 99.1 - -
40 102.4 101.6 - - 102.1 
42 
- - - 99.5 -
44 - - 100.8 - -
45 - - - - 102.5 
47 
- - -
100.1 -
49 
- -
99.2 - -
50 101.6 103.2 - - 103.3 
51 
- - - 99.5 
54 
- -
100.8 - 103.9 
56 - - - 10l.7 -
59 
- - - -
103.2 
60 101.6 - - - -
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Figure 30 Oxjdation Curves ofSo\utjon 5 Using Djfferen! Tjtratjon Methods 
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7 EXPERIMENTAL PROCEDURES 
Details are given of the reagents and principle experimental procedures for the determination of 
vanadate species present in, and the oxidation rate of, the synthetic Stretford solutions studied. 
7.1 REAGENT AND REAGENT PREPARATION 
7.1.1 Reagents 
Table 15 details the reagents used in this research with grades and suppliers. 
Table 15 Reagents Used in this Study 
REAGENT GRADE SUPPLIER 
Sodium Carbonate (anhydrous) Analytical Reagent Fisher Scientific UK 
Sodium Hydrogen Carbonate (anhydrous) Analytical Reagent Fisher Scientific UK 
Sodium Sulphate (anhydrous) Analytical Reagent BDH !Fisher Scientific UK 
Sodium Ammonium Vanadate Commercial Elvan K 
-
Nitric Acid Analytical Reagent Fisher Scientific UK 
Sulphuric Acid Analytical Reagent Fisher Scientific UK 
Phosphoric Acid Analytical Reagent Fisher Scientific UK 
O.5M Hydrochloric Acid Volumetric Reagent Fisher Scientific UK 
Sulphamic Acid Analytical Reagent Fisher Scientific UK 
0.025M Ferrous Ammonium Sulphate Volumetric Reagent Fisher Scientific UK 
Iron (1000 ppm) Standard Metal Solution Fisher Scientific UK 
Sodium Diphenylamine Sulphonate Standard Laboratory Reagent Fisher Scientific UK 
Potassium Permanganate AnalaR BDH 
Sodium Nitrite AnalaR BDH 
Nitrogen Lab Grade A ir Products 
Air Lab Grade Air Products 
Carbon dioxide Lab Grade Air Products 
9.96% Hydrogen Sulphide in Nitrogen Special Gas Mix BOC 
ADA (2:7) Commercial Nihon Jyoryo Kogyo Co. 
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The water used in reagent and solution preparation was 18 MQcm water produced from a Millipore 
MilliRO purification system and is referred to as deionised water. 
7.1.2 Preparation ofYanadium Stock Solution 
The standard Stretford method for the preparation of vanadium stock is detailed in Method 2, 
Appendix I. This method involved the addition of a large quantity of sodium carbonate to expel 
ammonia from the sodium ammonium vanadate starting reagent. The prepared stock solution 
consequently contained concentrations of carbonate and bicarbonate that were too high to add to 
some of the solutions proposed for this research. The actual quantity of carbonate used was therefore 
reduced, however, it was found that stock solution produced was unstable and the vanadate 
precipitated. This was overcome to a by reducing the quantity of sodium ammonium vanadate used. 
The vanadium stock solution was therefore prepared as follows; 
Weigh approximately 80 g of sodium ammonium vanadate and 20 g of sodium carbonate 
into a two litre beaker. Add about I OOmls deionised water and dissolve, with stirring, on a 
hot plate, in a fume cupboard. Boil the solution until all the ammonia has been released and 
the solution becomes neutral. Cool the solution and filter to remove any insoluble 
impurities. Dilute filtrate to one litre with deionised water. The resulting "vanadium stock 
solution" is sodium metavanadate with a pH between 7 and 8. All the carbonate present is as 
bicarbonate. 
The vanadium concentration of the stock was determined by titration with ferrous ammonium 
sulphate as described in Method 2, Appendix I. The total alkalinity ofthe stock was determined by 
automatic titration with hydrochloric acid (see Method 4, Appendix I). 
This vanadium stock was not as stable as that prepared by the standard method, therefore the 
concentrations of vanadium and carbonate were monitored every few days and the amount of stock 
added to prepare the test solutions adjusted accordingly. 
7.1.3 Preparation of Acid Mix used in Automatic Titration 
A mixture of sulphuric and phosphoric acids was used in the automatic titrimetric determination of 
vanadium (Y). The volume of acid prepared was dependent on the number of titration operations to 
be performed. One litre of acid mix was prepared by cautiously adding 150 ml phosphoric acid and 
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62.5 ml sulphuric acid to 727.5 ml of water, contained in a I litre bottle. 
7.1.4 Ferrous Ammonium Sulphate 
Ferrous Ammonium Sulphate (O.0025M) was used as the titrant for the determination of vanadium 
(V) and total vanadium. The concentration of this solution was checked periodically by titration with 
potassium permanganate. This standardisation method is detailed in Method 5, Appendix I. 
7.2 DETERMINATION OF VANADATE SPECIES 
7.2.1 Solution Preparation 
Solutions to be determined by NMR spectroscopy were prepared in a similar manner to the standard 
method of preparation (Method I, Appendix I) except iron was omitted. 100 ml of each solution was 
prepared by weighing appropriate amounts of sodium carbonate, sodium bicarbonate and ADA into a 
100ml volumetric flask, taking into account the contribution to the overall total alkalinity from the 
vanadium stock. The required volume of vanadium stock was added (determined from the 
concentration ofthe stock and the required vanadium concentration). The solids were dissolved in 
deionised water and the solutions made up to volume. The prepared composition of each solution are 
detailed in Table 16. The actual composition of the solutions was determined the day before the 
NMR analysis (see Chapter 8). The actual vanadium composition was determined by titration with 
ferrous ammonium sulphate (Method 3, Appendix I). The carbonatefbicarbonate, total alkalinity and 
pH were determined by automatic titration with hydrochloric acid (Method 4, Appendix I). The 
ADA concentration was calculated from knowing the active content of the ADA used (Appendix 2). 
The sodium sulphate concentration of solutions 26 and 27 was not determined. 
7.2.2 NMR Analysis 
The vanadate species present in the test solutions were determined using a Brucker 400MHz NMR 
spectrometer. The samples were contained in 5 mm NMR tubes with inserts containing deuterated 
benzene. The spectra were obtained at a frequency of 105.2 MHz and temperature of 25°C. The 
resonances were referenced to a VOCI, standard. At least 5000 scans were obtained per spectra or 
until no further scans improved the appearance ofthe spectra. 
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Table 16 Prepared Composition of Solutions Analysed by NMR 
Na,CO, NaHCO, TA Total V TA Na,SO, Impure ADA 
(gll) (gll) (from Vstock) TA (gll) (gll) N (gll) (gll) 
I 1.30 7.76 0.91 7.11 1.65 2.1 - 5.18 
2 3.80 23.85 0.91 19.76 1.65 5.8 - 5.20 
3 5.00 30.26 0.91 25.00 1.65 7.3 - 5.20 
4 7.86 49.81 0.98 40.27 1.65 11.7 
-
5.16 
5 10.02 62.86 0.91 50.56 1.65 14.7 - 5.15 
6 12.00 74.85 0.91 60.14 1.65 17.5 - 5.20 
7 7.67 49.22 1048 40.21 2.56 7.6 
-
5.12 
8 7.75 49.56 1.17 40.19 2.02 9.6 - 4.87 
9 7.80 49.91 0.85 40.14 1047 13. I - 4.94 
10 7.87 50.31 0.58 40.20 1.01 19.1 - 4.82· 
11 12.80 77.19 1040 62.91 2.52 12.0 - 4.92 
12 4.99 31.54 0.56 25045 1.01 12.1 - 4.85 
13 0.67 5.03 0.56 4040 1.01 2.1 - 4.89 
14 1.55 10.52 0.56 8.75 1.01 4.2 - 4.83 
15 0.3 9.52 0.92 .7.23 1.67 2.1 
-
4.91 
16 1.29 61.50 0.90 41.00 1.63 12.1 - 4.99 
17 5.29 1.52 0.92 7.17 1.67 2.2 - 5.01 
18 30.68 8.77 0.92 37.13 1.67 10.7 - 4.89 
19 1.31 7.83 0.99 7.24 1.76 2.0 - 0 
20 7.64 49.91 0.99 40.12 1.76 11.0 - 0 
26 7.76 49.84 0.99 40.20 1.66 11.6 49.6 4.94 
27 7.72 49.84 1.01 40.18 1.66 11.6 180 4.87 
The solutions were analysed in four sessions. The species present in solutions I to 6 were determined 
in the first session, solutions 4 to lOin the second, II to 20 in the third and 22 to 27 in the last. From 
the spectra obtained in the first session (Figs 31 to 36, Chapter 8) it was observed that the prediction 
of speciation based on earlier studies was not straight forward. The conditions which maximised the 
formation of the dimer differed from those predicted by Vermarie and de Haan [4]. The maximum 
dimer to cyclic tetramer ratio was achieved in solution 4, not in solution 6, with the highest TAN 
ratio, as expected. The composition ofthe test solutions given in Table I (Chapter 3) were therefore 
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amended in order to achieve the optimal dimer to tetramer ratio. The amended compositions are 
detailed in Tables 16,18, 19 and 21. 
7.3 REDUCTION/OXIDATION REACTION 
The oxidation of reduced Stretford solutions was followed using the recommissioned laboratory scale 
oxidiser. The apparatus and its operation is described in Chapter 6. 
7.3. I Solution Preparation 
Each solution was prepared immediately prior to determination. One litre of each solution was 
prepared in the same manner, and with compositions as close as possible to, the solutions determined 
by NMR. The prepared composition is detailed in Table 18. The actual composition of each solution 
was not determined prior to reduction as removal of a sample would affect the vanadium excess. The 
carbonate, bicarbonate, total alkalinity and pH were determined after the test by titration with 
hydrochloric acid (Method 4, Appendix I). The total vanadium concentration was determined after 
the reduction step prior to oxidation, by boiling with acid, oxidising all the vanadium present to 
V(V), and titrating with ferrous ammonium sulphate (Method 3, Appendix I). 
7.3.2 Reduction Step 
The prepared Stretford solution was transferred to the jacketed dreschel bottle and fitted with a 
bubbler. The vessel was placed on a magnetic stirrer. The water bath maintained a constant solution 
temperature of 25°C. This was important as the hydrogen sulphide loading is affected by the solution 
temperature. Nitrogen was bubbled through the Stretford solution to expel any oxygen present. The 
hydrogen sulphide was then passed through the solution, enough to give a 10% vanadium 
concentration excess. The hydrogen sulphide is purchased as a 10% mole mixture in nitrogen. 
Assuming the hydrogen sulphide is absorbed by the solution then only nitrogen is measured. The 
amount of hydrogen sulphide is varied according to the vanadium concentration and is calculated 
from the stoichiometry of reaction 7; 
(7) 
32 g H,S will react with 101.9 g vanadium, i.e. 0.5 g H,S will react with 1.5g vanadium. To 
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maintain a 10% vanadium concentration excess, 1.65 g of vanadium was required for a 0.5g H,S 
loading. 0.5g H,S occupies 0.35 litres at 20'C, 760 mmHg [52). The gas mix was 9.96 %v/v 
H,SIN,. The volume of gas passed at 25'C was 0.35 x 100/9.96 = 3.5 litres, the volume of nitrogen 
measured was therefore 3.51 - 0.35 = 3.16 or 3.2 litres. 
The vanadium concentration of the test solutions vary therefore the hydrogen sulphide loading, 
stoichiometric vanadium concentration and amount of nitrogen to be monitored during the reduction 
cycles are detailed in Table 17. 
Table 17 Hydrogen Sulphide Loading 
Stoichiometric [V) (g/I ) H,S Loading (g) N, Volume (I) 
0.91 0.31 2 
1.36 0.46 3 
1.50 0.5 3.2 
1.82 0.61 3.9 
2.27 0.76 4.9 
The hydrogen sulphide was loaded over 20 minutes after which the reduced liquor was allowed to 
stand, without stirring, for 20 minutes to allow the reaction to go to completion. 
7.3.3 Oxidation Step 
The reduced liquor was transferred to the oxidation vessel. Duplicate 10 ml samples were taken for 
total vanadium determination (Method 6, Appendix I). The oxidation flask was water jacketed and 
the temperature of the solution was controlled at 25'C. The temperature and pH was monitored 
throughout reoxidation. The stirrer was started and turned to 1500 rpm. The air was turned on to a 
flow rate of20 Vmin, providing an excess of oxygen to convert V(IV) to V(V). At the same time the 
titroprocessor was started and the time noted. The carbon dioxide was turned to a flow of 50 mVmin 
which was altered if the pH of the solution varied. Samples were taken and titrated automatically. 
The intervals between samples varied according to the titre. The reaction was monitored over an 
hour with the titre and time printed. 
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Table 18 Prepared Composition of Oxidation Test Solutions 
Na,CO, NaHCO, TA Total V TA Na,SO, ImpureADA 
(gill (gill (from Vstockl TA (gill (gill IV (gill (gill 
I 1.24 7.02 0.95 6.62 1.69 1.9 - 4.89 
2 3.68 22.96 1.01 19.18 1.79 5.1 - 4.91 
3 4.98 30.30 0.99 25.09 1.66 7.3 - 4.85 
4 7.67 48.98 0.95 39.53 1.69 11.2 
-
4.89 
5 9.95 63.00 0.99 50.96 1.66 14.8 - 4.86 
6 11.88 74.00 1.01 59.58 1.79 16.0 - 4.85 
7 7.67 49.16 1.61 40.30 2.85 6.8 - 4.85 
8 7.77 49.60 1.31 40.38 2.14 9.1 - 4.88 
9 7.86 49.93 1.01 40.38 1.79 10.8 - 4.85 
10 5.88 50.53 1.23 39.00 1.01 18.6 - 4.86 
11 12.81 77.02 1.50 62.91 2.50 12.1 - 4.85 
12 5.17 31.72 0.61 25.80 1.01 12.3 - 4.87 
13 0.81 4.93 0.61 4.53 1.01 2.2 - 4.87 
14 1.78 10.45 0.61 8.98 1.01 4.3 - 4.91 
15 0.20 9.5 0.99 7.18 1.66 2.1 - 4.88 
16 1.26 61.40 0.99 40.99 1.66 11.9 - 4.95 
17 5.29 1.35 1.01 7.15 1.79 1.9 - 4.90 
18 34.50 8.75 1.01 41.03 1.79 11.5 - 4.88 
19 1.30 8.65 0.99 7.75 1.66 2.2 - 0 
20 7.80 49.81 1.03 40.26 1.72 11.2 - 0 
21 4.99 30.17 0.99 25.02 1.66 7.2 - 0 
22 1.31 7.77 1.85 8.06 1.66 2.3 - 4.85 
23 7.64 49.28 1.85 40.59 1.66 11.8 - 4.85 
26 7.81 49.8 0.99 40.22 1.66 11.6 50 4.92 
27 7.79 49.72 0.99 40.15 1.66 11.6 180 4.92 
28 7.81 49.78 0.99 40.21 1.66 11.6 - 1.30 
29 7.75 49.79 0.99 40.16 1.66 11.6 - 0.60 
30 7.80 49.80 0.99 40.21 1.66 11.6 - 0.18 
-78-
--------- ------------------------
8 RESULTS OF NMR INVESTIGATION AND OXIDATION TESTS 
8.1 V ANADA TE SPECIA TION 
The composition of solutions, whose speciation was to be established, was detennined prior to NMR 
analysis. The results of these analyses are detailed in Table 19. The NMR spectra ofthe test solutions 
are presented in Figs 31 to 56. 
The resonances observed in each NMR spectra were assigned to vanadate species by comparison to 
the literature, referring to the summary of vanadate resonances (Table 3, Chapter 5). The initial 
assignments are summarised in Table 20. It should be noted that the integrals of resonance areas are 
detailed on the spectra. In most cases the resonances are broad with varying degrees of overlap 
therefore these integrals cannot be confidently used to quantity the ratio ofresonances. 
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Table 19 Actual Composition of Solutions Analysed by NMR 
Na,CO, N.HCO, TA V N.,SO, ADA 
(gll) (g/IL . (gll) (gll) 
TAIV pH 
(gll) (gill 
I 2.18 7.98 7.2 1.71 2.0 8.8 - 4.27 
2 5.25 23.55 20.1 1.68 5.8 8.8 
-
4.29 
3 6.65 29.18 25.1 1.68 7.2 8.8 - 4.29 
4 9.65 49.72 41.0 1.64 12.0 8.8 
-
4.26 
5 11.89 63.57 52.0 1.66 15.1 8.8 - 4.25 
6 14.16 75.26 61.7 1.63 18.2 8.8 - 4.29 
7 10.64 48.07 41.0 2.54 7.8 8.8 
-
4.22 
8 9.68 49.33 41.5 2.05 9.7 8.8 - 4.02 
9 10.25 48.90 41.1 1.47 13.4 8.8 - 4.07 
10 10.18 49.61 41.5 0.93 21.4 8.8 - 3.98 
11 15.65 77.42 64.5 2.30 13.5 8.8 - 4.06 
12 7.33 29.70 26.1 0.94 13.3 8.8 
-
4.00 
13 - 7.10 4.5 0.94 2.3 8.8 - 4.03 
14 2.69 9.99 9.0 0.82 5.3 8.8 - 3.98 
15 
-
11.96 7.6 1.70 2.1 8.4 
-
4.05 
16 
-
67.14 42.4 1.77 11.5 8.4 
-
4.12 
17 6.80 1.02 7.4 1.76 2.0 9.7 - 4.13 
18 35.23 4.97 38.4 1.64 11.2 10.0 - 4.03 
19 2.83 6.36 6.8 1.54 2.1 8.8 
- 0 
20 9.89 49.38 41.0 1.54 12.8 8.8 - 0 
22 2.78 7.19 7.32 1.59 2.2 8.8 - 4.0 
23 11.3 47.3 41.2 1.59 12.5 8.8 - 4.0 
24 5.3 23.2 20.0 2.2 4.4 8.8 - 2.1 
25 - 41.1 25.9 2.7 4.6 8.2 - 1.1 
26 9.85 49.95 41.4 1.61 12.3 8.8 50 4.07 
27 9.33 50.13 40.9 1.45 13.6 8.8 180 4.02 
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Figure 31 yS! NMR Spectra of Solutjon I 
TAN-2.0 ADA- 4g!1. pH- 8.8 
I 
-
... .... 
- - - -
Chemical Shift (ppm) 
Figure 32 "'. NMR Spectra of Solution 2 
TAN-5.8. ADA- 4g11. pH- 8.8 
I 
.... .... 
Chemical Shift (ppm) 
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Figure 33 
TAN-7.2, ADA- 4g!!, pH- 8,8 
I 
-
Figure 34 
TAN-12,O, ADA= 4g!!, pH= 88 
I 
-
yS( NMR Spectra of Solution 3 
, 
-
YWI~ 
Chemical Shift (ppm) 
yS( NMR Spectra ofSolutjon 4 
-
Chemical Shift (ppm) 
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Figure 35 yS! NMR Spectra of Solution 5 
TAN-I 5,1. ADA- 4g1J, pH- 8,8 
I 
- - -
Chemical Shift (ppm) 
Figure 36 Y>. NMR Spectra of Solution 6 
TAN-I 8,2, ADA-4g!1, pH- 8,8 
• I f 
.. ,. 
- -
Chemical Shift (ppm) 
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Figure 37 y" NMR Spectra of So!ution 7 
TAN-7.8. ADA- 4g11. pH- 8.8 
• I 
r 
-
... 
-
Chemical Shift (ppm) 
Figure 38· yS( NMR Spectra ofSo!utjoo 8 
TAN=9,7. ADA - 4g11. pH= 8,8 
I 
~~-----...., 
-
Chemical Shift (ppm) 
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Fjgure 39 yS( NMR Spectra of Solution 9 
TAN-J3.4. ADA- 4g1!. pH- 8.8 
I 
.... 
'chemical Shift (ppm) 
Figure 40 Y'. NMR Spectra ofSo\utjon \ 0 
TAN=2\.4. ADA- 4g1!. pH- 8.8 
I 
-..,. - ....... 
.". .... 
-
~. 
Chemical Shift (ppm) 
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Figure 41 y" NMR Spectra of Solution I I 
TAN=13 5. ADA= 4g!J.IlH= 8.8 
I f 
• 
f 
-
... .... .... 
Chemical Shift (ppm) 
Figure 42 y51 NMR Spectra of Solution 12 
IAN-!3.3. ADA- 4g11. pH- 8.8 
I 
-
... 
-
.... 
-
Chemical Shift (ppm) 
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Fjgure 43 ySl NMR Spectra of Solution 13 
TAN-23 ADA - 4g1J, pH= 8 8 
I 
Chemical Shift (ppm) 
Fjgure44 ySl NMR Spectra ofSQlution 14 .. 
TAN-53, ADA= 4g1J, pH= 8,8 
I 
-
..,. 
-
Chemical Shift (ppm) 
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Fjgure45 y" NMR Spectra of Solution 15 
TAN-2,1, ADA-4g/L pH- 8 4 
I a Ii; 11 
I ~ j' ~ 'I' 
1 
- -
.... .... 
Chemical Shift (ppm) 
Fjgure46 y" NMR Spectra of Solution 16 
TAN=II ,5, ADA= 4g/L pH= 8.4 
I 
-
... .... .... 
-
Chemical Shift (ppm) 
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Figure 47 yS! NMR Spectra of Solution 17 
TNY=2 O. ADA= 4g!!. pH= 9.7 
I 
'- -
.... 
--
Chemical Shift (ppm) 
Fjgure48 y" NMR Spectra of Solution 18 
TAN=I! .2. ADA- 4g/1. pH- ! 0.0 
I f 
- -
Chemical Shift (ppm) 
-89· 
Fjgure49 y" NMR spectra of Solution 19 
TAN=2.!. No ADA. pH= 8.8 
I 
-
.... .... 
-
Chemical Sbift(ppm) 
v" NMR Spectra ofSolutjon 20 
TAN=12.8. No ADA. pH= 8.8 
I 
-
... ... 
- -
.... 
-
Chemical Shift (ppm) 
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Figure 51 v" NMR Spectra of Solution 22 
TAN=2,2, ADA - 4gL1 pH- 8,8 
I 
I 
Jvl 
¥ ~~W 
- - --
... ... ... ... --
Chemical Shift (ppm) 
Figure'S2 v" NMR SJx;i;tm ofSoJution 23 
TAN-12,S. APA- 4g11. pH- 8,8 
I 
-
... 
Chemical Shift (ppm) 
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Figure 53 y" NMR Spectra of Solution 24 
TAfV=4 4. APA= 4g1l. pH= 8.8 
I 
-
... 
-
... 
Chemical Shift (ppm) 
Figure 54 y" NMR Spectra of Solution 25 
TAN=4.6. ADA= 4g1l pH= 8.2 
I 
-
... .... 
Chemical Shift (ppm) 
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Figure 55 y" NMR Spectra of Solution 26 
IAN-12.3. ADA= 4g11. pH- 8.8. Na,SO,=50 gII 
. I 
I 
Y1iY 
- -
... .... .... 
- -
... 
Chemical Shift (ppm) 
Figure 56 VI NMR Spectra of Solution 27 
TAN=4.6. ADA-4g11. pH- 8.2. Na.SO,-180 gII 
I 
- -
Chemical Shift (ppm) 
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8.2 OXIDATION REACTION 
The actual composition of solutions subjected to reduction loxidation cycles are detailed in Table 21. 
The vanadium concentration was detennined after reduction, prior to oxidation and the other 
parameters were detennined after oxidation. 
8.2.1 Detennination of V(lV) Concentration During Oxidation 
The vanadium (V) concentration was monitored by titration. The titres were detennined at given 
times throughout the oxidation reaction, for each solution, and the results are detailed in Tables 22 to 
47, Appendix 3. In order to obtain kinetic infonnation about the oxidation reaction, the concentration 
of vanadium (IV) was calculated throughout the reaction as follows; 
[V(IV)I, (titre V(Vh - titre V(V) ,)11 0 . molarity titrant· RMM V (37) 
where 
[V(IV)), = concentration ofV(lV) at time t (in g/l) 
V(Vh = total vanadium (V) 
RMMV = relative molecular mass of vanadium 
Initially (t = 0) the amount ofV(IV) present equals the amount ofV(V) that reacted stoichiometrically 
with the hydrogen sulphide loaded. This was detennined from the hydrogen sulphide loading 
calculated in Section 7.3.2. The concentration ofV(IV) present with time is detailed in Tables 22 to 
47, Appendix 3. 
8.2.2 Oxidation Curves and Details of Extrapolated Data 
Oxidation curves were prepared for each solution by plotting the concentration of V(lV) with time. In 
order to obtain quantitative kinetic infonnation from the experimental data the oxidation curves were 
fitted to a double exponential decay function in the fonn of equation 38, 
[V(lV)I, = ae"" + ce"" (38) 
where a, b, c and d are independent parameters. 
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Solutions 5, 6, 10, 11,26 and 27 more appropriately fitted a single exponential decay function of the 
form 
[V(IV)], = ae-lrt (39) 
The equations were fitted to the experimental data using Sigma Plot (Jandel Scientific Software) curve 
fitting graphic software package_ The oxidation curves fitted to the experimental data are presented 
in Figs 57 to 72_ The oxidation curves are presented as the concentration ofV(IV), instead of 
percentage oxidation, against time for convenience of extrapolating kinetic data_ 
An estimate ofthe error between the fitted curve and actual data was calculated (equation 40) by 
determining the average difference between the sum of the squares for each data point 
A verage variation between results and fit = ( L [x "P - Xfi,]') / n 
where 
x "P = experimental data point at time t 
Xfi, = fitted data point at time t 
n the total number experimental data points 
The curve fitting package also determined the standard error in each parameter a, b, c and d 
(40) 
The time to 50% (t o.5) and 95% (10,,) oxidation ofV(IV) was estimated iteratively for each reaction 
using the Sigma Plot package. Equation 41 was solved for each curve. 
0= ae-'" + ce"" - [V(IV)] (4 I) 
where 
[V(IV)] the concentration at either 50 % or 95 % reaction 
This can be calculated from knowing the initial concentration ofV(IV). A best guess value oft was 
input for 50 % or 95 % reaction and the to.5 and 10.,5 calculated iteratively. The function of each curve, 
an estimate of the error between the fitted and actual data, parameter error, t 0.5 and 10.,5 are presented 
in Tables 22 to 47, Appendix 3. 
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Table 21 Actual Corn DOS it ion of Oxidation Test Solutions 
Na,CO, NaHCO, TA V TA Na,SO, ADA 
(gll) (gll) (gll) (gll) N 
pH 
(gll) (gll) 
I 1.59 7.97 6.6 1.57 2.0 8.8 - 4.0 
2 6.35 2\.32 19.8 1.63 5.8 8.8 - 4.0 
3 8.03 23.25 22.7 1.67 6.5 8.8 - 4.0 
4 9.43 47.28 39.3 1.67 11.2 8.8 - 4.0 
5 15.67 56.50 51.3 1.63 15.1 8.8 
-
4.0 
6 18.19 65.70 59.7 1.59 18.1 8.8 - 4.0 
7 8.20 50.86 40.3 2.47 7.8 8.8 - 4.0 
8 10.16 47.06 39.9 2.10 9.2 8.8 - 4.0 
9 11.50 45.52 40.2 1.56 12.2 8.8 - 4.0 
10 13.38 42.19 40.0 0.99 18.9 8.8 - 4.0 
11 20.45 68.64 63.8 2.49 12.3 8.8 - 4.0 
12 7.93 22.79 22.3 0.99 10.5 8.8 - 4.0 
13 2.16 3.40 4.30 1.00 2.1 8.8 - 4.0 
14 2.35 10.48 9.0 1.03 4.3 8.8 - 4.0 
15 3.02 6.34 7.0 1.66 2.0 8.4 - 4.0 
16 8.55 51.50 41.0 1.63 12.1 8.4 - 4.0 
17 5.57 \.39 6.5 1.59 2.0 9.6 - 4.0 
18 34.81 8.86 40.4 1.59 12.3 9.9 - 4.0 
19 4.27 5.97 8.0 1.66 2.3 8.8 - 0 
20 12.97 44.56 41.1 1.62 12.2 8.8 
-
0 
21 10.01 25.40 26.1 1.67 7.5 8.8 - 0 
22 2.78 7.19 7.32 1.59 2.2 8.8 - 4.0 
23 11.3 47.3 41.2 1.59 12.5 8.8 - 4.0 
24 
- - - - - - - -
25 
-
- - - - - - -
26 12.47 44.65 40.7 1.64 12.0 8.8 50 4.0 
27 15.02 40.29 40.4 1.67 11.6 8.8 180 4.0 
28 12.86 43.67 40.4 1.64 11.9 8.8 - 1.1 
29 12.45 45.10 40.9 1.66 11.7 8.8 - 0.5 
30 11.64 46.24 40.8 1.62 12.0 8.8 - 0.15 
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Figure 63 
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Figure 67 
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8.3 KINETIC ANALYSIS 
The experimental data was used to determine the rate constant and order of reaction with respect to 
V(IV). The mechanism of reaction may be inferred from this. The rate of reaction is proportional to 
the decrease in the concentration of V(IV) and is dependent on the product of concentration terms. 
The reaction rate may be expressed as a function of concentration by the following rate equation; 
d[V(IV)] 
dt 
The order of reaction is expressed as the sum of exponents of the concentration terms and is 
determined by the best fit rate equation with empirical data. The order of the above equation is 
h+m+l+p+k. 
(42) 
The oxidation tests are carried out with an excess of oxygen and bicarbonate, constant pH, and ADA 
is independent as it is a catalyst. The rate equation therefore simplifies to the following rate law; 
- d!V(lV)] 
dt 
k [V(IV)] " 
where the order of reaction is pseudo nth order and k is the rate constant. 
There are several methods for determining the rate constant and order of reaction from the 
experimental data. 
8.3.1 Initial Rate Method 
(43) 
If the reoxidation reaction followed a simple mechanism it may be possible to obtain the value ofk 
and n from the initial rates of reaction. The majority ofthe experimental data fitted a double 
exponential decay function implying that two reactions were occurring during the oxidation of the 
reduced Stretford solutions. An initial study of the NMR spectra indicated that two major vanadate 
species were involved in the reactions. The speciation being very different at low TAN to that at high 
TAN. It may be possible to compare the kinetics of the oxidation reactions of solutions containing 
low TAN and similarly compare reactions of those with high TAN. This was done by looking at the 
initial rate of reaction for a set of experiments with similar TAN and varying concentrations [54]. 
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Taking logs of the simplified rate law (equation 43) gives the following expression 
log" [- d[VIIV)] 1 
dt -0 
log,o k + n log" [V(IV)] ,.0 (44) 
integrated rate plots of log,o [- d[VIIV)] ] vs 10g,o[V(IV)] '=0 gives a slope ofn and an 
dt ,-0 
intercept of log,o k. The values of - d[VIIV)] were determined at t = 0 for each solution (Tables 22 
dt 
to 47, Appendix 3). 
Figs 73 and 74 are initial rate plots of solutions with low TNV (solutions 1,3,7,13 and 14) and high 
TAN (solutions 5, 6, 10, 11). The correlation between the data points on these graphs are poor 
indicating that the reoxidation reactions are more complicated and do not simply depend on TAN 
ratios. The initial rate method could not therefore be used for determining kinetic information from 
the experimental data. 
8.3.2 Integral Method 
The reoxidation reaction is complex, therefore it is necessary to fit the rate law to the data throughout 
the course of the reaction. The rate law is expressed as a differential equation indicating the rate of 
change ofV(IV) concentration at any time during the reaction. The rate expression (equation 43) was 
rearranged as follows [55]; 
- d[VIIY)] = k dt 
[V(IV)]" 
Integrating both sides of the equation between limits t = 0 to t = t and [V(IV)] = [V(IV)]o and 
[V(IV)] = [V(IV)], for any value ofn. Ifn = I 
J[V('v)l' -d[V (I V) ]/[V (IV)] [V(IV)]O r k,dt 
" 
In [V(IV)]o - In [V(IV)], 
(45) 
(46) 
(47) 
A plot ofln [V(IV)]o -In [V(IV)], against t will yield a linear graph if the overall order (n) is I, with 
the first order rate constant, k,. being the slope. 
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This manipulation can be applied for all values ofn, however it is an involved process to execute for 
several values ofn for each solution. The fitted data was therefore processed using Mathcad 4.0 
(MathSoft (nc) computer package, using the chemical engineering applications software. This 
software contained a program that was able to process kinetic data using the integration method and 
determine the order of reaction and rate constant. It was necessary to initially guess the order ofthe 
reaction. The data was fitted to the rate law and a correlation of fit determined. (fthe correlation was 
poor a second guess was made. An example of the output from processing solution 3, using Mathcad, 
is given in Fig 75. 
Once an approximate order was determined an integrated plot was prepared and presented in Figs 76 
to 89, Appendix 4. A summary of the reaction order and rate constant is detailed in Table 48 along 
with the curve fit and times to 50 and 95% reaction for each solution. The estimated error in the rate 
constant was determined as described in Appendix 5 and is also summarised in Table 48. 
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Figure 75 Mathcad Output for Solution 3 
INTEGRAL METl-IOD - REAcnON RAlE DETERMINAllON 
This document prcMdes 1I1e estimalion of1l1e readion rate expression. using 1I1e integral 
me1hod for analysis of readion dala. 
Enter1l1e expec:ted value for 1I1e readion order. onler ,- 1.5 
Enter 1I1e process conditions: 
Temperature (in 1<): T:= 298 
TIme:' Corresponding CXlncentration of CXlmponent A:: 
0 1.5 
4 0.95 
8 0.16 
21 0.52 
, I 10.45 I 
time =!: I cone = 10AI i Initial CXlncentration: I 
38 0.33 I Co := OODCO 
42 029
1 41 0.26 Reaction rate equation 
55 0.21 I (cstands for1l1e key 
60 0.18 j reactant concentration): 
lUte(e):= e-
The raadion rate constant is: k'" 0.05135 Initial guess: 
The CXlnelation coefficient Is r'" -0.99581 onIer '" 1.5 
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Table 48 Summary of Kinetic Data 
Refer to Table 21 or solution compositIOns 
10., 10.9, Correlation Rate Error 
Equation Order 
mins mins Coefficient Coeff. (k) in k 
I 0.72e.o·271 + 0.7ge.o·0" 10.3 235.0 3.0 1.0 0.041 0.001 
2 0.63e.o·69t + 0.87e.o 02" 7.6 122.6 1.5 0.993 0.048 0.005 
3 0.5ge.o·36t + 0.9 I e.o 0271 8.5 92.6 1.5 0.996 0.051 0.002 
4 1.1 e-O· 181 + O.4e-O,02St 5.5 65.7 1.5 0.994 0.085 0.004 
5 1.5e.o· i8t 4.0 17.1 1.0 0.999 0.173 0.010 
6 1.5e.o· I6t 4.4 19.2 1.0 0.999 0.156 0.014 
7 0.9ge·O.24t + l.3e·oo3" 7.9 64.0 1.5 0.998 0.058 0.011 
8 0.93e.o·26t + 0.ge.o 032t 6.3 71.3 1.5 0.997 0.068 0.003 
9 0.54e.o·04" + 0.83e .. ·3t 4.2 45.8 1.5 0.990 0.148 0.004 
10 0.93e.o· I9t 3.6 15.4 1.0 1.000 0.191 0.009 
11 2.3e-O·0971 7.2 31.0 1.0 1.000 0.099 0.007 
12 0.54e"·'''+ 0.3ge"·022t 3.3 97.2 2.0 0.990 0.141 0.008 
13 0.45e"44t+ 0.48e.o·01 " 6.3 152.4 2.5 0.991 0.114 0.012 
14 O.4e.o·" + 0.53e"·OI9t 7.8 129.0 2.0 0.990 0.077 0.016 
15 0.85e"·013t + 0.65e.o·25t 12.6 170.7 3.0 0.990 0.052 0.005 
16 0.23e.o·01"+ 1.3e.o· I71 5.1 74.9 2.5 0.997 0.357 0.073 
17 0.3 I e".02" + 1.2e"·24t 3.9 57.8 2.0 0.998 0.223 0.005 
18 Q.14e.o·043t + 1.4e.o 2t 3.9 21.4 1.5 0.981 0.341 0.018 
19 1.15e .. ·o026t + 0.35e .. ·2t 129.3 - 8.0 0.984 0.003 negligible 
20 0.65e''·008t + 0.86e.o·086t 17.6 270.0 2.5 0.999 0.037 0.018 
21 I e"·OO29t + 0.4ge .. ·I7t 100.2 - 8.0 0.996 0.008 0.003 
26 I. 5e'"12t 6.0 26.1 1.0 1.000 0.119 0.004 
27 1.56e .. ·066t 10.4 45.2 1.0 1.000 0.066 0.005 
28 1.1 e.(J·2t + 0.45e.o 025t 5.4 71.9 1.5 0.989 0.077 0.018 
29 1.1 e.o· I7t + 0.3ge.(J·02" 5.8 78.6 1.5 0.987 0.072 0.001 
30 1.1 e .. ·I3t + 0.37e .. ·oo71 8.1 245.4 1.5 0.945 0.040 negligible 
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9 DISCUSSION 
The V" NMR spectra of the solutions studied, detailed in Chapter 8 (Figs 31 to 56), indicate that 
changing the solution composition alters the vanadate species present. Table 20 details the initial 
assignment of the V" NMR resonances to the vanadate species. These assignments were made by 
considering the solution pH, vanadium concentration, and in comparison with the literature, as 
discussed in Chapter 5. The consequence of altering speciation on the oxidation reaction has been 
demonstrated by preparing oxidation curves from which kinetic information may be derived (Figs 57 
to 72). Stretford solutions with different vanadate species show different oxidation rates and reaction 
kinetics. The extrapolated kinetic data is summarised in Table 48. The effect of the various solution 
parameters on the speciation, hence on the oxidation reaction kinetics, are discussed in this chapter. 
9.1 VARIATION OF TOTAL ALKALINITY AT CONSTANT VANADIUM 
CONCENTRA TION 
Several researchers [4,5,6,7,16] concluded that changes in total alkalinity (TA) can alter the vanadate 
species present in solution and change the kinetics of the oxidation reaction. Solutions I to 6 were 
prepared to investigate this in greater detail, and to determine the extent to which increasing the TA 
effects the reoxidation reaction rate. The composition of the Stretford solutions prepared in the 
experiments were similar to operational conditions; the pH, vanadium and ADA concentrations were 
constant while the TA was varied (Tables 19 and 21). 
9.1.1 The Effect of Total Alkalinity on Vanadate Speciation 
The spectra of solution I, with a low TA of 7 g/I (Fig 3 I), shows that all the resonances are well 
resolved with the major resonance, at -578 ppm, assigned to the cyclic tetramer (V.o,"'). The 
vanadate dimer (HV,O,'", -555 ppm), hexamer (V.0 17 4., -586 ppm) and linear tetramer (V,0136-, -568 
ppm) are also present. The resonance assigned to the dimer (-555 ppm) is broad implying that it is an 
average of the resonances of two rapidly interconverting dimeric species. Evidence for this is 
provided by Gresser et al [56] who reported that vanadate ions can combine with phosphate to form 
an anhydride. Formation and decomposition of such an anhydride is rapid producing a broad V" 
NMR resonance. In the Stretford solutions it is possible that the dimer combines with bicarbonate in 
a similar manner producing a carbonated dimer, HV,O,CO·, and hence produces a broad V" NMR 
resonance. 
HV,ot + HCO,· + H,O ~ HV,o,CO· + 30H· (48) 
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The production of this carbonated dimer has also been suggested by Vermaire and de Haan [4]. 
As the TA is increased from 7 gll to 41 gll (solutions 2 to 4, Figs 32 to 34) the dimer resonance 
broadens and the ratio of the intensity of the dimer to tetramer resonance increases. The dimer 
becomes the major species at total alkalinities between 25 and 41 gll. The cyclic tetramer resonance 
also broadens and the dimer resonance moves downfield where it overlaps with the linear and cyclic 
tetramer resonances. Similar resonance shifts were observed by Gresser et al [56] in solutions 
containing vanadate with increasing phosphate concentrations. Resonance shifts were also observed 
by Vermarie and de Haan [4] in vanadate solutions with increasing bicarbonate concentrations. 
O'Donnell and Pope [50] reported that the shift of the dimer resonance towards the tetramer 
resonance and the associated broadening is indicative of rapidly interconverting species. The 
downfield shift in the dimer resonance and broadening of the tetramer resonance, with increasing 
carbonate concentration provides evidence for the dissociation of the cyclic tetramer to form a 
carbonated dimer, as suggested by Vermarie and de Haan [4]. 
V.o,,4- + 2HCOJ' + 2H,O + 20H' r" 2HV,o/ + 2HCOJ'+ 2H,O r" 2HV,O,CO' + 60H' (49) 
Since the resonances overlap then the different species can not be quantified however the relative 
change in resonance area and shape can be commented on. 
The hexamer resonance is not present in solutions with total alkalinity greater than 25 gll, possibly 
because it dissociates to form a dimer and tetramer. 
V.o" ,. + HCOJ' -+ HV,O,CO' + V,O,," (50) 
When the TA is increased further to 52 and 62 gll (solution 5 and 6, Figs 35 and 36) the dimer and 
tetramer resonances broaden and overlap further. The ratio of the dimer to tetramer resonance 
decreases. This new observation suggests that the cyclic tetramer is stabilised at high total alkalinity. 
The broadening of the tetramer resonance indicates that it is an average of similar interconverting 
species. It is possible that a carbonated form of the cyclic tetramer is formed V.o1,CO'· or a larger 
polyanion. This carbonated tetramer is in equilibrium with the uncarbonated tetramer causing the 
resonance to broaden. 
V.o1,4- + HCOJ ' + H,O r" V,OI'CO" + 3 OW (51 ) 
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Overlapping between the tetrameric and dimeric resonances indicates that an equilibrium may also 
exist between the carbonated dimer and carbonated tetramer. 
2 HV,O,CO' (52) 
The linear tetramer resonance disappears at total alkalinity levels greater than 41 gll. This was also 
observed by Vermarie and de Haan [4]. There is no evidence ofa new resonance, from a new 
species, forming as the linear tetramer resonance disappears, therefore is possible that the linear 
tetramer forms a carbonated cyclic tetramer or a very similar species under these conditions. 
V,O\3" + HCO,- + 2 H,O "'" V,O"CO" + 5 OH- (53) 
A summary of the change in vanadate speciation with total alkalinity is detailed in Table 49. 
Table 49 Summary of Proposed Major Vanadate Species in Solutions I to 6 
Solution TA (gll) Major Species 
I 7 V,O" ,. » HV,O," ... HV,o,CO-
2 20 
3 25 HV,O,CO' > V,O" 
,. 
4 41 
5 52 V.oI,CO'· > HV,O,CO' 
6 62 
9.1.2 The Effect of Total Alkalinity on the Oxidation Reaction Kinetics 
The variation in speciation as the total alkalinity is increased provides an explanation for the changes 
in oxidation reaction kinetics of the Stretford solutions. 
It is proposed from the V'I NMR spectra of solutions 1 to 6 that four major vanadate species are 
present. These are reduced to V(IV) as follows; 
V,OI' ,. + 2 HS- -> 2 V,O, ,. + 2 S + 2 OH' 
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(54) 
HV ,O,CO - + HS- -> HV,o,CO - + S + OH" (55) 
V,OI2CO'- + 2 HS- -> V.oIOCO'- + 2 S + 2 OH- (56) 
HV ,0,'- + HS- + H,O --> 2 HVO, - + S + 2 OH" (57) 
The V(IV) species fonned by the reduction reaction are therefore proposed as V,O,'", V,OIOCO'-, 
HV,o,CO - and HVO,- which reoxidised to V(V). The V(V) species fonned by each V(IV) species 
immediately following oxidation are unknown, but the V(V) speciation will eventually become that 
of the feed solutions. It has been observed that the effect of altering solution parameters on the 
kinetics is the same in freshly prepared solutions and those having undergone several redox cycles 
[57] (see Section 9.8). 
Therefore it is proposed that the V(IV) reoxidation reactions are the reverse of the fonnation 
reactions:-
2 V,O,'" 
k, 
V,OI2 ,--> (58) 
k, 
HV,o,CO- -> HV,o,CO - (59) 
V,OIOCO'- ~ V.o 12CO'- (60) 
k 
2 HVO,- 4 HVO ,- (61 ) , , 
Where k, to k, are the rate constants for the oxidation of each major V(lV) species. 
It is proposed in the mechanism that, although the V(V) species fonned immediately upon oxidation 
are indetenninate, the elementary step for the reactions are closely related to the overall reactions 58 
to 61. If the rate of reo xi dation of each V(lV) species is proportional to the extent of rearrangement 
and molecularity required then it can be predicted that k, > k, > k, - k,. Observations made by 
Vennaire and de Haan [4] suggested that k, > k" which is consistent with the prediction 
If the simplified rate law, equation 43 (Section 8.3), is used 
drv(Vl] = -drV(lV)] = k [V(lV)]" 
dt dt 
and the overall rate of reoxidation is the sum of the reoxidation rates of each individual V(IV) 
species, then 
- d rV(lV)] 
dt 
= -2 drV~ - 2 drHV,Q,CO -] - 4 !!IY..Q,~ - drHVO,] 
~ ~ ~ ~ 
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(43) 
(62) 
where 
d[V,O,~ ~ k, [V,o/]' 
dt 
- d[HV,o.CO -] 
dt 
- d[V,OwCO'-] 
dt 
k, [HV,O.CO -]' 
k, [V,OwCO'T 
- d[HVO,J 
dt 
~ k, [HVO,]" 
Ifeach of these reactions is first order, ie_ k~l~m~n ~ I, then [55] 
[V,O, '-], 
[HV,O.CO-], 
[V,OwCO'-], 
[HVO;], 
[V ° '-] e- klt , , 0 
~ [HV,o.CO -]0 e-'" 
~ [V,OwCO'-]o e- kJt 
[HVO;]o e- k4' 
(63) 
(64) 
(65) 
(66) 
(67) 
(68) 
(69) 
(70) 
where [V(IV)], is the concentration of the V{lV) species at time t, and [V(IV)]o is the initial 
concentration of the V(IV) species_ Differentiating equations 67 to 70 gives an expression for the 
reaction rate for each V{lV) species assuming first order kinetics; 
~ - k,[V,O,'"]o e- klt 
d[HV,Q,CO -] ~ - k, [HV,O.CO-j, e-"" 
dt 
d[V ,owCO'-] ~ - k,[V,OwCO'-]o e- klt 
dt 
d[HVO,J 
dt 
~ - k, [HVO;]o e- ,4t 
(71 ) 
(72) 
(73) 
(74) 
Substituting equations 71 to 74 into the rate equation 62, the overall rate equation for the reoxidation 
of solutions I to 6 becomes 
-d[v(V)] 
dt 
+ k [HVO -] e- k4t 
, , 0 
The concentration ofV(IV) at time t is 
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[V(lV)], [V(lV)], - {2 ([V,O,'"],- [V,O,'"],) + 2([HV,o.CO·], - [HV,o.CO·U + 
4 ([V.oiOCO'·], - [V,OiOCO"],) + ([HVO,'], - [HVO,'],)} 
but [V(IV)], - {2 [V,O,'"], + 2( [HV,O.CO·], + 4 [V,OiOCO"], + [HVO,'],} o 
So [V(IV)], = 2 [V,O,'"], + 2[HV,O.CO·], + 4 [V,OiOCO"], + [HVO,'], (76) 
Substituting equations 67 to 70 into 76 gives the following expression for V(lV) concentration at 
time t; 
The derived overall rate law (equation 75) and expression for the concentration ofV(IV) at time t 
(equation 77) can explain the experimental reaction kinetics. 
Case I Solutions with low TA 
In solutions with low TA, ie. solution I, the uncarbonated tetramer and carbonated dimer are the 
major V(V) species. The dimer to tetramer ratio is low, therefore on reduction the V(lV) species 
present are proposed as [V,o,'"]» [HV,o.CO·]- [HVO,']» [V'OiOCO'·] .... O. According to the 
proposed mechanism k, > k, > k, - k, therefore it follows that k, [V,O,'"], - k, [HV,O.CO·],» k, 
[HVO,'], - k, [V,OiOC02.],. The rate equation 75 becomes; 
-d[v(Vl] 
dt 
2k [V ° 2.] e' kit + 2k [HV ° CO'] e' k2' 1250 2 26 0 
and for all values of t, the V(lV) concentration with time expression (equation 77) reduces to 
[V(IV)], 2 [V ° "] e· klt + 2 [HV ° CO·] e· k2, 250 260 
(78) 
(79) 
The form of this derived kinetic equation is the same as the empirical equation obtained for solution I 
(Table 48), 
ie. [V(IV)], 0.72 e' 0.271 + 0.79 e' 0.01t 
The empirical equation implies the presence of two parallel first order reactions with species of 
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different reactivities, which is consistent with the assumption that k, »k,. This is reflected in the 
experimental oxidation curve: the time to 50% oxidation is 10 minutes whereas the time to 95% 
oxidation is 235 minutes. 
The first term in the empirical equation can be identified with the term for V,O," in the derived 
equation, and the second empirical term identified with the term for HV,O.CO·. The rate constants 
and initial concentration of V(IV) species can therefore be estimated (Table 50). It should be noted 
that the terms in the empirical equation give the concentration of V(IV) in terms of g/I owing to the 
experimental measurement The derived equation gives the concentration of vanadate species in 
moles/l. 
The calculated value for k, is an order of magnitude greater than k" which is consistent with the 
substantial molecular rearrangement for reaction 58 compared with reaction 59. The calculated 
initial concentrations ofV,O,'" is only slightly larger than that for HV,O.CO·, but this difference is 
not as large as expected. This is not consistent with the V" NMR spectra if assumptions concerning 
the V(V) precursors are correct. The empirical terms, however, are not pure. Although k,» k, it 
cannot be expected that reaction 59 will be completed before reaction 58 causes an appreciable 
formation ofV(V). To some extent the terms for reaction 58 will contain an element for reaction 59 
and vice versa. Similarly, the values of k, and k, would be expected to be higher and lower 
respectively than those estimated from the empirical equation. The mechanism for the reoxidation 
reaction of solution I is therefore more complicated than proposed and is reflected by the overall 
reaction being third order. 
Case 2 Solutions with TA between 10 to 40 g/I 
As the TA is increased from 7 to 41 g/I (solution 2 to 4) the uncarbonated tetramer and carbonated 
dimer are the main V(V) species, with the proportion of dimer to tetramer increasing with TA. This 
implies that the proposed V(IV) species in the reduced solutions are [HV,O.CO·) >[V,o, ,.) » 
[HVO,')- [V.oIOCO'·)-+ O. According to the proposed mechanism k, > k, > k, - k4 therefore it 
follows that k, [HV,o.CO·)o> k, [V,O,'")o» k4 [HVO,')o- k, [V.oIOCO'·)o' The rate equation 78 
therefore applies to the reoxidation ofthese solutions. For all values of t, the expression for V(IV) 
concentration with time is equation 79, as for to solution l. This derived kinetic expression is in the 
same form as the empirical expression for solutions 2 to 4 (Table 48). The calculated initial 
concentration ofV(IV) species and rate constants are detailed in Table 50. 
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Since k, » k, then as the proportion of dimer increases with TA, it is expected that the initial part of 
the reoxidation reaction would be similar to solution I, and that the time to 95% reoxidation 
decreases with increasing dimer to tetramer ratio. This is demonstrated by the experimental results 
which indicate that the time to 50% reoxidation decreases from 10 minutes, for solutions with 7 g/I 
TA, to 6 minutes with 41 g/I TA, and the time to 95% reoxidation decreases from 235 minutes with 7 
g/I TA to 66 minutes with 41 g/I TA. The overall reoxidation rate constant increases from 
0.041 min" for solution I to 0.085 min" for solution 4. 
The overall reaction order for solutions 2 to 4 is 1.5, implying a simpler overall reoxidation 
mechanism than found for solution I with low TA « 109/I), possibly due to the interconversion 
between the dimer and tetramer. 
C=.l High TA. >40 g/I 
The V(V) species in the oxidised solutions with high TA, 52 and 62 g/I (solutions 5 and 6), are 
proposed as the carbonated dimer and carbonated tetramer, with the proportion of dimer to tetramer 
decreasing with increasing TA. The V(IV) species in the reduced solutions are therefore proposed as 
[V,OIOCO"] > [HV,O,CO']» [V,O/]- [HVO,']-> O. According to the proposed mechanism k, > k, 
> k, - k, therefore it follows that k, [V,O,.CO'·], - k, [HV,O,CO'],» k, [HVO,'l, and 
k, [V,O,'"]. The rate equation 75 becomes 
- dfV(]Vl] 
dt 
2 k, [HV,O,CO'], e'''' + 4 k, [V,oIOCO"], e'''JI (80) 
If, as proposed from the V" NMR studies, there is an equilibrium between the carbonated dimer and 
cyclic tetramer (equation 52) in the oxidised solution, then this may also exist in the reduced solution, 
where the equilibrium constant K, is, 
K, ..Y&lOco'· 
[HV,O,CO']' 
IfK, is large, ie. the equilibrium favours the production ofV,oIOCO", then the ratc equation 80 
reduces to 
- dfv(Vl] 
dt 
4 k, [V,oIOCO"], e· kJ, 
For all values oft, the expression for the concentration of V(lV) with time becomes 
[V(lV)], = 4 [V,oIOCO"], e· kJt 
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(81) 
(82) 
(83) 
This derived kinetic equation is in the same form as the expression determined experimentally for 
solutions 5 and 6 (Table 48). From this the initial concentration ofV.oIOCO'- in the reduced solution 
and the rate constant for this species is calculated (Table 50). 
This proposed mechanism is supported by the observed first order reaction kinetics, the reoxidation 
of solutions 5 and 6 being dependent only on the V.O,oCO'- concentration. If, the assumption that k, 
> k, > k" is correct then the oxidation rate of these solutions would depend on the proportion of 
carbonated V(IV) dimer to tetramer in the reduced solution. This is demonstrated by the time to 95% 
oxidation for solutions 5 and 6, being 17 and 19 minutes respectively, and the overall rate constant 
being 0.173 and 0.160 min" respectively, double that of solution 4. 
It is probable that the reaction mechanisms for the oxidation of solutions I to 6 are more complicated 
than suggested. It has been demonstrated, however, that proposed mechanisms and reasonable 
assumptions concerning the relative rate constants, provide a consistent explanation for the empirical 
kinetic equations. These observations confirm and explain previous research [4,5,6,17,40,41]. 
Unlike the previous research, however, this work demonstrates that the effect of increasing TA on the 
reoxidation rate levels off, because a slower reacting vanadate cyclic tetramer, probably carbonated, 
is formed in solutions with high TA. The fastest rate of oxidation is found in solutions with 1.6 gll 
vanadium, 50gl1 TA and pH of8.8, when the proportion of the carbonated dimer is maximised and 
any cyclic tetramer present is minimal and in the carbonated form (ie. solution 5). The practical 
application of these results is that a high TA offers process advantages arising from the carbonation 
ofthe V(V) species. 
Table 50 Initial Concentration ofVIIVl Species and Rate Constants of Solutions I to 6 
Solution TA [V,O,']. [HV,O,CO-]. [V.oIOCO'-]. k, k, k, 
(gll) (mmol) (mmol) (mmol) (min") (min") (min-') 
I 7 7.75 7.08 
-
0.010 0.270 -
2 20 8.53 6.17 - 0.025 0.690 -
3 25 8.92 5.78 - 0.027 0.360 -
4 41 3.92 10.78 
-
0.025 0.180 -
5 52 - - 7.35 - - 0.180 
6 62 - - 7.35 - - 0.160 
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9.2 V ARIA TION OF VANADIUM CON CENTRA TION AT CONSTANT TOTAL 
ALKALINITY 
Vennarie and de Haan [4] reported the effect of both vanadium concentration and total alkalinity on 
vanadate speciation and found that the TAN molar concentration ratio was a key parameter. 
Solutions 7 to 10 were prepared to investigate this. Each solution had the same pH, total alkalinity 
and ADA concentration. The solution compositions are detailed in Tables 19 and 21. The total 
alkalinity was 40 gll in each solution in order to maximise the dimer concentration. 
9.2. I The Effect of Vanadium Concentration on Vanadate Speciation 
The V" NMR spectra of solutions 7 to 10 (Figs 37 to 40) are comparable to the spectra of solution 4 
(Fig 34). These solutions have the same species present as solution 4 (ie. dimer HV,o, 3 ... 
HV,O,Co-, linear tetramer V,O,,6- and cyclic tetramer V,O" ,.) however the resonances appear 
broader due to the shorter x axis range. As the vanadium concentration is decreased from 2.5 gll to 
0.9 gll the dimer to tetramer ratio increases and the linear tetramer disappears. The resonances do 
not shift or broaden with change in vanadium concentration. These observations indicate that when 
keeping TA constant the proportion ofV(V) species present is changed by altering the vanadium 
concentration. In the solution with low vanadium concentration, hence high TAN ratio, the linear 
tetramer probably fonned a carbonated cyclic tetramer as described by reaction 53. The dimer 
Itetramer equilibrium (reaction 49) shifts in favour of the dimer. These observations are in 
agreement with those made by Vennaire and de Haan [4]. 
In summary, the V" NMR spectra of solutions 7 to 10 demonstrate how the proportion of vanadate 
species change with vanadium concentration. The proposed speciation in these solutions are 
summarised in Table 51. 
TableS I Summary of Proposed Major Vanadate Species in Solutions 7 to 10 
Solution [V(V)] TOT (gll) Major Species 
7 2.5 
8 2. I HV,O,CO· > V,O" .. 
9 1.5 
10 0.9 
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9.2.2 The Effect of Vanadium Concentration on tlie Oxidation Reaction Kinetics 
The reaction kinetics of solutions 7 to 9 (2.5 to 1.5 g/I vanadium) are similar to case 2 as expected. 
The major V(lV) species present on reduction were proposed as [HV,O,CO'] > [V,O, "] » 
[HVO,']- [V,O,oCO"]-> O. According to the proposed mechanism k, > k, > k, - k, therefore it 
follows that k, [HV,O,CO·]. > k, [V,O,'-].» k, [HVO,·]. - k, [V,O,oCO'·].. The rate equation 78 
therefore applies to the reoxidation of these solutions and for all values oft, the expression for the 
concentration of V(IV) with time is equation 79. The derived kinetic expression has the same form 
as the empirical expression for V(lV) concentration determined for solutions 7 to 9 (Table 48). The 
calculated initial concentration ofV(lV) species and rate constants are detailed in Table 52. 
The V" NMR spectra indicate that as the vanadium concentration decreases the proportion of dimeric 
V(V) to tetrameric V(V) increases. This is reflected in the initial proportion ofV(lV) species 
determined. As the vanadium concentration decreases from solution 7 to 9 the proportion of V,O,'-
to HV,O,CO' decreases. If k,» k, then as the vanadium concentration decreases it is expected 
that the oxidation rate would increase. This is confirmed by the time to 95% oxidation decreasing 
from 64 minutes for solution 7 to 46 minutes for solution 9. The overall rate constant increasing 
from 0.058 to 0.148 min". The overall reaction order is 1.5, the same as solution 4 implying that 
solutions 7 to 9 have similar reaction mechanisms. 
From the V" NMR spectra of solution 10 it is predicted that the V(lV) species obtained on reduction 
are [HV,O,CO'] »[V.o .. CO'"]. This implies that the reaction mechanism would be similar to 
solutions 7 to 9, case 2. This is not consistent with the experimental results which reveal that the 
overall reaction is first order, with a time to 95% reoxidation of 15 minutes and overall rate constant 
of 0.191 min". The kinetics of reoxidation of solution 10 is similar to solutions 5 and 6, also with 
high TAN ratios, case 3. It is therefore proposed that the tetramer is in the carbonated form in 
solution 10, hence on reduction the V(IV) species present are proposed as [V,O .. CO'·) > 
[HV,O,CO')- [HVO,'»> [V,os'")-> O. An equilibrium may exist between the carbonated dimer 
and tetramer in the reduced solution as suggested for solutions 5 and 6. The rate equation 82 applies 
to the reoxidation of this solution and the expression for V(IV) concentration with time is equation 
83. This derived kinetic expression has the same form as that determined experimentally (Table 48). 
[V(lV)]. ; 4 [V,O .. CO,·). e'"'' (83) 
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Table 52 Initial Concentration ofVClVl Species and Rate Constants of Solutions 7 to 10 
Soln. [V(V)] TOT [v,o,'"], [HV,O, CO,], [V,O,.CO'·], k, k, k, 
(gll) (mmol) (m mol) (mmol) (min") (min") (min") 
7 2.5 12.74 9.71 - 0.035 0.240 -
8 2.1 8.82 9.12 - 0.032 0.260 -
9 1.5 5.29 8.66 - 0.045 0.300 -
10 0.9 - - 4.55 - - 0.190 
These observations show that keeping TA constant, the proportion of carbonated dimer to cyclic 
tetramer species present in the oxidised solution increases with decreasing total vanadium 
concentration until a TAN ratio is reached which favours the stabilisation of the proposed carbonated 
cyclic tetramer. This causes a change in the mechanism of reo xi dation of the reduced solution. A 
fast oxidation rate being obtained when the carbonated tetramer is stabilised. This, along with the 
conclusions from the Section· 9.1, confirmed observations from previous research [4,5] that the TAN 
ratio is important in controlling V(V) speciation and the reoxidation mechanism. 
9.3 THE EFFECTS OF BOTH ABSOLUTE TOTAL ALKALINITY AND VANADIUM 
CONCENTRATION AT CONSTANT TAN RATIO 
The previous sections demonstrated how the TAN mole ratio controls speciation and influences the 
reoxidation kinetics. It is possible that the absolute total alkalinity or absolute vanadium 
concentration has a greater influence on speciation and reaction kinetics than the TAN ratio alone. 
Solutions 11 and 12 were prepared to investigate this. These two solutions both had a TAN ratio of 
13.5, but high and low absolute total alkalinity and vanadium concentrations, as detailed in Tables 19 
and 21. 
9.3.1 The Effects of Both the Absolute Total Alkalinity and Vanadium Concentration on 
Vanadate Speciation at Constant TAN Ratio 
The V" NMR spectra of solutions II and 12 (Figs 41 and 42) are very different even though both 
solutions have the same TAN ratio. Solution II has two unresolved resonances due to the 
carbonated dimer, HV,o,CO' (-563 ppm) and carbonated cyclic tetramer, V.o12CO'·(-525 ppm), the 
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tetramer being the major species. These are unresolved which implies that there is a high degree of 
interconversion between them. The spectra of solution 12 has three reSonances attributed to the 
dimer, HV,o,CO'· (-558 ppm), linear tetramer, V40,," (-568 ppm) and cyclic tetramer V40 12 4·(-576 
ppm), the dimer to tetramer ratio being high. Although there is some overlap of these resonances it is 
much less that seen for solution 11, implying that there is some interconversion between species but 
not to the extent of that found in solution 11. These differences are attributed to the differences in the 
absolute total alkalinity. Solution 11 has a total alkalinity of65 g/I and 2.3 gll vanadium. Its 
speciation is similar to solutions 5 and 6 with TA of 52 and 62 gll respectively, but not solution 7, 
with vanadium concentration of2.5 gll. A tetrameric species however is in greater proportion in this 
solution than found in solutions 5, 6 and 7. Solution 12 has a total alkalinity of26 gll and vanadium 
concentration of 0.9 gll. Its speciation is similar to that of solution 3 (25 gll TA) and not solution 10 
(0.9 gll vanadium), however the proportion of dimeric species is much greater in this solution than in 
solutions 10 and 3. These new observations suggest that the total alkalinity controls the species 
present and degree of interconversion between species however the vanadium concentration 
influences the proportion of the species present. The proposed speciation in solutions 1I and 12 are 
summarised in Table 53. 
Table 53 Summary of Proposed Major Vanadate Species in Solutions 11 and 12 
Solution TA(gll) [V(V)] TOT (gll) Major Species 
11 65 2.3 V40 12CO'· > HV,o,CO· 
12 26 0.9 HV,O,'· ... HV,o,CO· » V40 12 4· 
9.3.2 The Effect of Both the Absolute Total Alkalinity and Vanadium Concentration on the 
Oxidation Reaction Kinetics at Constant TAN Ratio 
The kinetics of the oxidation reactions of solutions 11 and 12 are different as the species present in 
each solution are different. It is proposed that the carbonated cyclic tetramer is the major species in 
solution 11. On reduction, the major V(lV) species are proposed as [V.oIOCO'·] > [HV,o.CO·]» 
[HVO,·]- [V,O,'l-' O. The reaction kinetics are therefore the same as case 3, hence rate equation 82 
applies to this reoxidation reaction, and for all values oft, the expression for the concentration of 
V(IV) with time is equation 83, similar to solutions 5 and 6. 
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- dfv(Vl] 
dt 
[V(IV)], = 4 [V.o,oCO'·]. e· k3t 
(82) 
(83) 
The fonn of the derived kinetic expression is the same as that detennined experimentally for solution 
II (Table 48). The calculated initial concentration ofV(JV) species and rate constants are detailed in 
Table 54. 
The proposed mechanism is supported by the observed first order kinetics, similar to solutions 5, 6 
and 10, however the time to 95% reoxidation is longer, 31 minutes as opposed to 18 minutes. This is 
because the concentration of V .oIOCO'· is greater in this solution than solutions 5, 6 and 10. This is 
consistent with the proposal that k, > k,. It is expected that solutions with a higher proportion of 
carbonated tetramer will have a longer time to 95% oxidation. 
The vanadate speciation in solution 12 (Table 53) implies that the V(IV) species expected in the 
reduced solution are [HV,O.CO·]> [V,O,'"]» [V.oIOCO'·]- [HVO,·]-+ 0. This is similar to the 
speciation proposed for solutions 2 to 4, 7 to 9, case 2. It is expected that the reoxidation of this 
solution would follow similar kinetics. Rate equation 78 applies to the reoxidation of solution 12, 
and for all values oft, the expression for V(JV) concentration with time becomes 
[V(lV)], = 2 [V,o,'"].e· klt + 2 [HV,o.CO·]. e· k2, (79) 
The fonn of the derived kinetic expression has the same fonn as the empirical expression detennined 
for solution 12 (Table 48). The calculated initial concentration ofV(IV) species and rate constants 
are detailed in Table 54. 
Table 54 Initial Concentration ofV(JVl Species and Rate Constants of Solutions II and 12 
Soln. TA [V(V)] TOT [V,ot]. [HV,O. CO .], [V,O,oCO'·], k, k, k, 
(gll) (gll) (mmol) (mmol) (mmol) (min·') (min·') (min·') 
11 65 2.3 - - 11.3 - - 0.097 
12 26 0.9 3.82 5.29 - 0.022 0.510 -
The initial concentration ofV,Ot is less than that found in solution 3 consequently the time to 50% 
reoxidation is 3 minutes for solution 12, as opposed to 9 minutes for solution 3. The time to 95% 
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reoxidation is about the same for both solutions, greater than 90 minutes, as the rate of reoxidation is 
still dependent on the slow reoxidation of the tetramer. The reaction order is second as opposed to 
1.5 for solution 3. This may be because there is less interconversion between the dimer and tetramer 
in solution II than solution 3 leading to a more complicated reaction mechanism. 
These new findings indicate that the absolute vanadium and total alkalinity have a significant 
influence on speciation, hence reoxidation kinetics. The total alkalinity has a controlling effect on 
the species present and interconversion between species, whereas the vanadium concentration 
controls the proportion of species. This demonstrates the limitation of attempting to control the 
reaction kinetics by considering the TAN ratio alone and that the absolute total alkalinity and 
vanadium concentration must also be considered. 
9.4 THE EFFECT OF LOW ABSOLUTE TOTAL ALKALINITY AND VANADIUM 
CON CENTRA nON 
A previous study [16] suggested that solutions with a very low absolute TA and vanadium 
concentration contained an unstable dimer. Solutions 13 and 14, with low TA and vanadium 
concentrations, and TAN ratios similar to solutions I and 2, were prepared to investigate this, the 
solution compositions are detailed in Tables 19 and 21. 
9.4.1 The Effect of Low Total Alkalinity and Vanadium Concentration on Vanadate Speciation 
The V" NMR spectra of these solutions (Figs 43 and 44) are similar to spectra obtained for solutions 
I and 2. The major species is the cyclic tetramer with the dimer, hexamer and linear tetramer also 
present. The total alkalinity, hence TAN ratio, of solution 14 is greater than 13, consequently the 
dimer resonance increases in the spectra of solution 14 compared to 13, as expected. The proposed 
speciation is summarised in Table 55. No resonance is observed in either of the solutions that would 
suggest that an "unstable" species is present. 
Table 55 Summary of Proposed Major Vanadate Species in Solutions 13 and 14 
Solution Total Alkalinity (gfl) Major Species 
13 5 V,OI' 
,. 
» HV,O,'· ... HV,O,CO· 
14 9 
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9.4.2 The Effect of Absolute Low Total Alkalinity and Vanadium Concentration on the Oxidation 
Reaction Kinetics 
Since solutions 13 and 14 had similar speciation to solution I, they also have similar oxidation 
kinetics, case I. The V(IV) species present on reduction are proposed as [V,ot]» 
[HV,o,CO']- [HVOJ ']> [V.OIOCO'·] -> O. Rate equation 78 therefore applies to the reoxidation of 
these solutions, and for all values oft, the expression ofV(IV) concentration with time is 
[V(IV)], 2 [V 0 "] e-'" + 2 [HV 0 CO'] e-"" 250 26 0 (79) 
The form ofthe derived kinetic expression is the same as the empirical expression determined for 
solutions 13 and 14 (Table 48). The calculated initial concentration of V(IV) species and rate 
constants are detailed in Table 56. 
Table 56 Initial Concentration ofVnV) Species and Rate Constants of Solutions 13 and 14 
Solution Total Alkalinity [V,O,"], [HV,O,CO -]0 k, k, 
(g/I) (mmol) (mmol) (min") (min-') 
13 5 3.82 4.41 0.015 0.44 
14 9 4.71 3.92 0.019 0.50 
Ifk,» k
" 
as proposed, then as the proportion of dim er increases with TA it would be expected that 
the initial part of the reoxidation reaction would be similar to solution I, with the time to 95% 
reoxidation decreasing with increasing proportion of carbonated dimer. This is confirmed by the 
experimental results showing that the time to 95% reoxidation decreases from 152 minutes for 
solution 13, 5 g/I TA, to 129 minutes for solution 14,9 g/I TA. The reaction order for solutions 13 is 
2.5 and second for solution 14. This implies a simpler overall reaction mechanism than solution I 
but more complicated than solutions 2 to 4, possibly due to less interconversion between the dimer 
and tetramer. 
It should be noted that the concentration of vanadium in the solutions analysed was greater than that 
proposed hence the TAN ratio less than required. These observations, however, provide further 
evidence that as the total alkalinity increases there is more interaction between the dimer to tetramer 
leading to less complicaied reaction kinetics and a reduction in reaction order. These results disagree 
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with the reported observation [16] that low absolute total alkalinity and vanadium concentration 
produces an unstable dimer. The results show that low absolute total alkalinity and vanadium 
concentration do not alter speciation or kinetics in any way different than has already been proposed 
in the previous sections. 
9.5 THE EFFECT of pH 
The review in Chapter 5 indicated how vanadate speciation changed with pH. Previous work [16] 
suggested that altering the carbonate to bicarbonate ratio, hence pH, changed the kinetics of the 
oxidation reaction. Solutions 15 to 18 were prepared with compositions similar to solutions 1 and 4. 
Solutions 15 and 16 had a TAN concentration ratio of 2 and 12, and a pH of 8.4. Solutions 17 and 
18 had a TAN concentration ratio of2 and 12, and a pH of 10. Solution compositions are detailed in 
Tables 19 and 21. 
9.5.1 The Effect of pH on Vanadate Speciation 
Solutions 15 and 16 have similar compositions to solution 1 and 4 except that the total alkalinity is 
made up of entirely bicarbonate, hence the pH of these solutions are about 8.4 not 8.8. The vS! NMR 
spectra of solution 15 (Fig 45) shows that this solution contains the interconverting 
uncarbonatedlcarbonated dimer, HV,o, , .... HV,O,CO' (-558 ppm), cyclic tetramer, V,O" ,. (-578 
ppm) linear tetramer, V.o,,6- (-569 ppm), and the hexamer ,V.O,," (-586 ppm), in approximately the 
same proportions as solution I. All the resonances are well resolved with the dimer to cyclic tetramer 
ratio being low hence the tetramer is the major species. The spectra of solution 16 (Fig 46) is 
different to solution 4 (Fig 34) in that it only contains two species, the carbonated dimer 
(-564 ppm) and cyclic tetramer (-574 ppm). The resonances of these species are unresolved with the 
dimer being in greater proportion. This may be a consequence of the total alkalinity consisting 
entirely of bicarbonate. In solutions with a high total alkalinity the bicarbonate stabilises the 
carbonated dimer and assists the interconversion of the cyclic tetramer to the carbonated dimer. 
Solution 4 has less bicarbonate than solution 16 therefore contains a lower proportion of carbonated 
dimer and its resonances are resolved better. The 'spectra of solution 16 is very similar to a spectra 
presented by Vermaire and de Haan [4], who analysed a solution containing 2 g/I vanadium and 
TAN of 14 with pH 8.5. 
Solutions 17 and 18 have similar compositions to solution 1 and 4 except the total alkalinity is made 
up almost entirely of carbonate, hence the solution pH is about 10, instead of 8.8. The vS! NMR 
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spectra of solution 17 (Fig 47) shows very different speciation to solutions I and 15. Similarly the 
V" NMR spectra of solution 18 (Fig 48) shows different speciation to solutions 4 and 16. The 
higher pH stabilises the vanadate monomer, HVO/- at -539 ppm, as the major species in both 
solutions 17 and 18. The spectra of solution 17, with a low TAN, also contains the dimer, HV,O,'-
... HV,O,CO (- 563ppm) and cyclic tetramer V,O" ,- (- 577 ppm), with the dimer in greater 
proportion. Solution 18, with a TAN of 12, has only the dimer as-the minor species. The 
resonances in both spectra are well resolved. 
These results indicate that lowering the pH, increasing the bicarbonate, can alter vanadate speciation 
in a similar manner to increasing the total alkalinity. Increasing pH, hence the proportion of 
carbonate stabilises the vanadate monomer in solutions with both high and low TAN. The proposed 
speciation is summarised in Table 57. 
Table 57 Summary of Proposed Major Vanadate Species in Solutions 15 to 18 
Solution Total Alkalinity (gll) pH Major Species 
15 7.0 8.4 V,O,," » HVO ,-, , oO HV,O,CO . 
16 41 8.4 HV,O,CO - > V,O" 
,. 
17 7.0 9.6 HVOt > HV,O,'- ... HV,o,CO- > V,O" ,-
18 40 9.9 HVOt > HV,o,CO' 
9.5.2 The Effect of pH on the Oxidation Reaction Kinetics 
The change ofspeciation with pH changes the kinetics of the reoxidation reaction. Solution 15 (pH 
8.4) has a low TAN and contains vanadate species similar to solution I (pH 8.8), consequently 
has similar reaction kinetics as proposed for case I. The V(IV) species in the reduced solution are 
[V,otj » [HV,o.CO·j- [HVO,'j» [V.oIOCO'-j-> 0, hence rate equation 78 applies to the 
reoxidation of solution 15, and for all values oft, the expression for the concentration ofV(IV) with 
time becomes 
[V(IV)j. = 2 [V,Otl.e- kll + 2 [HV,O.CO-l. e-"" (79) 
This derived kinetic expression has the same form as the empirical expression for solution 15 (Table 
48). The calculated initial concentration ofV(IV) species and rate constants are detailed in Table 58. 
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The concentration ofV(IV) species in this solution is similar to that found in solution I. If, as 
proposed, k, » k, then it is expected that the time to 95% reoxidation would be slow, similar to 
solution I. This is confirmed by the time to 95% reoxidation determined experimentally being slow, 
171 minutes. The reaction order is 2.5 implying that the reoxidation mechanism is perhaps more 
complicated than described here; for example, the reactions are not purely consecutive but take place 
partially in parallel. 
Solution 16 (pH 8.4) has a TAN ratio similar to solution 4. From the V(V) species present in the 
oxidised solution it is proposed that the distribution ofV(IV) species in the reduced solution is 
[HV,O.CO·] >[V,O, ,.]» [HVOJ']- [V.oIOCO'·]-> 0, as for case 2. The rate equation is the same 
as solution 4, i.e. equation 78. Again, for all values oft, the expression for the concentration of 
V(lV) with time becomes 
[V(lV)], 2 [V ° "] e··1t + 2 [HV ° CO'] e"" 250 26 0 (79) 
This derived kinetic expression has the same form as the empirical expression determined for 
solution 16 (Table 48). The calculated initial concentration ofV(IV) species and rate constants are 
detailed in Table 58. 
The initial concentration ofV(IV) species calculated reflected the proportion of the V(V) species in 
the oxidised solution and is similar to that found in solution 4. The time to 50 and 95% oxidation are 
similar, (5 and 75 minutes respectively). The reaction order is second implying a more complicated 
reaction mechanism than solution 4, possibly due to less interconversion between vanadate species 
than found in solution 4, with a reaction order of 1.5. 
The V" NMR spectra of solution 17 (pH 9.6) indicates that the main species present are monomer 
(HVO/) and dimer (HV,o, J ... HV,o,CO·). The tetramer V.o 12 ,. is a minor species. The V(lV) 
species produced on reduction are different from those for solution I. The reduction reactions are 
reactions 54, 55, 57 and 84. 
2 HVO/ + HS- + H,O -> 2 HVOJ ' + S + 3 OW (84) 
This reaction was not considered for the previous solutions as the monomer was not identified in the 
NMR spectra ofthose solutions. The V(lV) species formed by the reduction reaction are V,o,", 
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HV,O.CO- and HVO,- which are reoxidised to V(V)_ . It is proposed that the V(lV) reoxidation 
reactions are the reverse of the formation reactions :-
2 V,O,'- (58) 
k, 
HV,O.CO - --> HV,o,CO- (59) 
2 HVO,- ~ HV,o, ,- (61) 
HVO,- ~ HVO/ (85) 
Where k, to k, are the rate constants for the oxidation of each major V(IV) species_ 
If the rate of reo xi dation of each V(lV) species is proportional to the extent of rearrangement and 
molecularity required then since reaction 59 represents a ring closure, and 85 a simple addition 
mechanism, then it can be predicted that k,> k,» kr k,_ Assuming reaction 85 follows first order 
reaction kinetics, similar to reaction 58, 59 and 61, the rate equation for solution 17 is equation 86 
-d!V(Vl] = 
dt 
For all values of t, the expression for the concentration ofV(lV) with time is 
(86) 
[V(lV)], = 2 [V,o, '-]oe- k" + 2 [HV,o.CO-]o e-'" +[HVO,-]o e- k" + [HVO,-]o e-'" (87) 
On reduction the species present in solution 17 are [HVO,-] >[HV,O.CO -]>[ V,O,'l According to 
the proposed mechanism k,» k,» k,- k, it therefore follows that k, [HVO,-]o» 
k, [HV,O.CO -]0» k, [V,O, '-]0 - k, [HVO,-]o -->0 then the rate equation 86 reduces to 
d!VCV1] = 
dt 
2k [HV 0 CO -] e- k2t 2 2 6 0 
and equation 87 is reduced to 
+ k [HVO -] e-'" , , 0 
[V(IV)], = 2 [HV,o.CO-]o e- la, + [HVO,-]o e- k" 
(88) 
(89) 
This derived kinetic expression has the same form as the empirical equation determined for solution 
17 (Table 48)_ The calculated rate constants and initial concentration of V(IV) species are detailed in 
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Table 58, 
The initial proportion ofV(lV) species is similar to the V(V) species in the oxidised solution, The 
time to 50 and 95% oxidation for solution 17 is faster than solution I even though the TAN ratio is 
low (2,0), The time to 95% oxidation being 75 minutes rather than 235 minutes, This is because of 
the high proportion of easy oxidised monomeric V(IV) species and supports the proposal that k, » 
k" The reaction is second order implying that a simpler reaction mechanism is followed than for 
solution I. 
The V" NMR spectra of solution 18 is similar to 17 except that there is no tetramer present and the 
proportion of the monomer increases compared to the dimer. The V(lV) species in the reduced 
solution are therefore proposed as HVO,' and HV,o.CO', The rate equation 86 becomes 
-d!YCVl] = 
dt 
2k [HY 0 CO 'I e' k2t + k [HVO 'I e' k4t + k [HYO 'I e' kSl 2 26 0 4 30 S 30 
If [HVO,'I> [HY,o.CO'1 and k, »k,» k, as proposed then rate equation 90 reduces to 
-d!YCYl] = 
dt 
2k [HY 0 CO 'I e''''' 2 2 6 0 + k [HVO'I e' kS, , , 0 
(90) 
(88) 
For all values oft, the expression for the concentration ofV(lV) with time is reduced to equation 89, 
This derived kinetic expression has the same form as determined experimentally for solution 18 
(Table 48), The calculated rate constants and initial V(IV) concentrations are detailed in Table 58, 
The initial V(lV) concentrations reflect the change in proportion of monomer to dimer in the reduced 
solution, compared to solution 17, Evidence for the proposed mechanism is provided by the time to 
95% oxidation being 21 minutes much lower than solution 17 (75 minutes), This is because of the 
higher proportion of fast reacting monomer. The reaction order is 1,5 indicating a simpler 
mechanism than for solution 17, 
The k, values for solutions 15, 16 and 17 are approximately half that of solution 18, This is an 
anomaly and it may be possible that the calculated value of k, is superposed by k, and in turn k, by 
k" 
In summary, these results explain the observations of previous research [161 that a change in pH 
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alters the kinetics of the reoxidation reaction. A decrease in pH to 8.4 causes a change in speciation 
similar to increasing total alkalinity, favouring the production of the carbonated dimer and faster 
reactiDn kinetics. At pH 10 the speciation is changed such that the monomer becomes the major 
species in solutions with both low and high TAN ratios. The vanadate monomer reoxidises at a 
faster rate than the carbonated dimer therefore the reoxidation reaction of solution with high and low 
TAN ratio is increased compared to lower pH. 
Table 58 Initial Concentration of VII V) Species and Rate Constants of Solutions 15 to 18 
Soln TA pH [V,o,"l, [HV,o, CO'l, [HVO, -1, k, k, k, 
(gll) (mmol) (mmol) (mmol) (min") (min-') (min-') 
15 7.0 8.4 8.33 6.37 - 0.013 0.250 -
16 41 9.4 2.25 12.74 - 0.015 0.170 -
17 7.0 9.6 - 3.03 23.53 - 0.025 0.240 
18 40 9.9 - 1.37 27.45 - 0.043 0.200 
9.6 THE EFFECT OF ADA ADDITION 
The Stretford solutions investigated (I to 18) all contain the standard Stretford composition of 
4 gll ADA. It was speculated by Lowry and Ritter [5) that ADA may catalyse only one of the 
vanadate species, evident by change in shape of the oxidation curve with and without ADA. In order 
to investigate this solutions 19 to 21 were prepared with no ADA. They contained TAN 
concentration ratios to optimise the tetramer (solution 19), the dimer (solution 20) and mixture 
(solution 21). These solutions had similar pH, total alkalinity and vanadium concentrations as 
solutions 1,4 and 3 and are therefore directly comparable. The solution compositions are detailed in 
Tables 19 and 21. V" NMR spectra were obtained for solutions 19 and 20 only. 
9.6.1 Effect of ADA Addition on Vanadate Speciation 
The V" NMR spectra of solution 19 (Fig 49) is identical to that of solution I (Fig 31). The spectra of 
solution 19 contains four vanadate species; the dimer (HV,O, 3 ... HV,O,CO', -552ppm), the cyclic 
tetramer (V,O" ", -557ppm), linear tetramer (V,O,t,-568ppm), and the hexamer (V.O,,'", 
-586ppm). The resonances are well resolved with the cyclic tetramer being the major species. The 
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spectra of solution 20 (Fig 50) shows it contains the same species as solution 4 (Fig 34), the dimer 
(HV,o, J- ... HV,O,CO-), the cyclic tetramer (V ,0\2'-) and linear tetramer. Table 59 summarises the 
major species in solutions 19 and 20. Solution 20 has a slightly greater dimer to tetramer ratio than 
solution 4 because it has a slightly higher TAN ratio, not because of the presence of ADA. These 
results implies that ADA addition to Stretford solutions has no influence on vanadate speciation. 
Table 59 Summary of Proposed Major Vanadate Species in Solutions 19 and 20 
Solution Total Alkalinity (g/I) ADA (g/I) Major Species 
19 8.0 0 V,O\2'- » HV,O,'- .. HV,o, CO-
20 41 0 HV,O,CO- > V,O\2'-
9.6.2 Effect of ADA Addition on the Oxidation Reaction Kinetics 
Since the NMR spectra of solutions 19 and 20 are the same as solutions I and 4 then the proposed 
V{lV) speciation in the reduced solutions are the same. The reaction kinetics of these solutions are 
therefore the same as cases I and 2 hence rate equation 78 can be applied, and for all values oft, the 
expression for the concentration ofV(IV) with time is equation 79. 
[V(IV)], ; 2 [V,o/]oe- kl ' + 2 [HV,o,CO-]o e-'" (79) 
This derived kinetic expression has the same form as that determined experimentally for solutions 19 
to 21 (Table 48). The calculated rate constants and initial concentration ofV(IV) species are 
detailed in Table 60. 
The proportion ofV{lV) species in the reduced solutions 19 to 21 are slightly different to the 
proportion found in the comparable reduced solutions I, 2 and 4. This can be accounted for by the 
slight differences in vanadium concentration and is not considered significant. The time to 50% 
oxidation is greater than 20 minutes for solution 20 and greater than 100 minutes for solutions 19 and 
21. This illustrates that without ADA the oxidation reaction is very slow, even when the other 
solution components are optimised for fast reaction kinetics, and demonstrates the necessity to add 
ADA to achieve greater than 95% oxidation in under 60 minutes. The reaction order is 8 for 
solutions 19 and 21 and 2.5 for solution 20, implying that the reaction mechanism is complicated but 
can be simplified by optimising the dimer to tetramer ratio. The rate constants for reduced solutions 
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19 to 21, k, and k" are much less than that of the comparable rate constants determined for solutions 
1,2 and 4, Table 60. This implies that the reoxidation of both V(1V) species is affected by addition 
of ADA. The proportion by which the rate constant for the tetrameric species, k" increases on 
addition of ADA is> 3, compared approximately 2 for the rate constant of the dimeric species, k,. 
This may be evidence that ADA enhances the reoxidation of the tetrameric V(IV) species over the 
dimer, as speculated by Lowry and Ritter [5]. A more detailed study is required to confirm if this 
evidence is significant. 
Table 60 Concentration ofInitial V(JV) Species and Rate Constants of Solutions 19 to 21 
NoADA 4 gll ADA 
Soln. TA (gll) [V,O/]o [HV,o,CO-]o k, k, Soln. k, k, 
(mmol) (mmol) (min") (min-') (min") (min-') 
19 8 11.27 3.43 0.003 0.200 I 0.010 0.270 
20 41 6.37 8.43 0.008 0.089 4 0.025 0.180 
21 26 9.80 4.80 0.003 0.170 3 0.027 0.360 
9.6.3 Effect of ADA Concentration 
It has been established that ADA has no effect on speciation but has a catalytic effect on the 
oxidation reaction. It has also been established that optimising pH, total alkalinity and vanadium 
concentration can enhance oxidation, in solutions with or without ADA. It may be possible to reduce 
the ADA concentration required by optimising the other solution parameters for fast reaction kinetics. 
Solutions 28 to 30 contained TAN concentration ratio for optimal dimer to tetramer ratio similar to 
solution 4 (TAN=12, pH 8.8). The concentration of ADA in solutions 28 to 30 were varied, 1.1, 0.5 
and 0.15 gll ADA respectively. The solution compositions are detailed in Table 21. V" NMR 
spectra were not obtained as solutions 19 and 20 indicate that ADA does not affect speciation. 
The V(1V) species produced on reduction are proposed to be the same as for solution 4, case 2, 
therefore the rate of reo xi dation can be expressed as equation 78, and for all values oft, the 
expression for the concentration of V(IV) with time is equation 79. This derived kinetic expression 
has the same form as that determined experimentally for solutions 28 to 30 (Table 48). The 
calculated initial concentration of V(1V) species and the rate constants are detailed in Table 61. 
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The initial concentrations ofV(lV) species do not change appreciably with changing ADA 
concentration and are comparable to solutions 4 and 20. The time to 95% oxidation is greater than 
200 minutes for solution 30, with 0.15 gll ADA, and decreases to 79 and 72 minutes for solutions 
with 0.5 and 1.1 gll ADA respectively. This is comparable with the time to 95% oxidation of 66 
minutes for solution 4, containing 4 gll ADA. These observations are mirrored by the rate constants 
for the V(lV) oxidation reactions. The rate constants increase as the ADA concentration increases, 
between 0 and 0.5 gll and then no further significant increase occurs as the ADA concentration is 
increased from 0.5 to 4 gll. 
These observations confirm and explain previous laboratory and plant experience (16,17], and imply 
that if a solution has a TAN concentration ratio optimised for fast reaction kinetics then it is not 
necessary to add 4 gll ADA to catalyse the reaction in order to achieve fast reoxidation, about I gll 
ADA is adequate. 
Table 61 Initial Concentration ofVOVl Species and Rate Constants of Solutions 28 to 30 
Solution ADA (gll) [V,o/], [HV,o,CO·], k! k, 
(m mol) (mmol) (min·!) (min·!) 
28 1.1 4.41 10.78 0.025 0.200 
29 0.5 3.82 10.78 0.021 0.170 
30 0.15 3.63 10.78 0.007 0.130 
9.7 THE EFFECT OF SULPHATE ADDITION 
Previous work by British Gas [6,17] has shown that the oxidation rate is enhanced by the presence of 
50 to IOOgll sodium sulphate but inhibited by 180 gll. To investigate this solutions 26 and 27 were 
prepared containing total alkalinity similar to solution 4 (T AN=12, pH 8.8), in order to maximise the 
dimer to tetramer ratio. Solution 26 contained 50 gll sodium sulphate and solution 27 contained 180 
gfI. The solution compositions are detailed in Tables 19 and 21. 
9.7.1 Effect of Sulphate Addition on Vanadate Speciation 
The V'! NMR spectra of solution 26 (Fig 55) shows that the effect of adding 50 gll sodium sulphate 
is to broaden the dimer and cyclic tetramer resonances, compared to solution 4 (Fig 34), such that 
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they are unresolved, with the dimer being in slightly greater proportion than the tetramer. This is 
similar to the observation made when decreasing the solution pH or increasing total alkalinity. It is 
therefore proposed that sulphonated forms of the dimer (HV,O,SO·) and cyclic tetramer (V.o 12S0'·) 
are formed in a similar manner to the carbonated species, and an equilibrium exists between these 
species. These species would have similar resonance shifts as the carbonated species. The spectra of 
solution 27 (Fig 56) shows that the addition of 180 g/I sulphate broadens the resonances further but 
stabilise the cyclic tetramer species over the dimer, such that the dimer resonance becomes a small 
shoulder on the tetramer resonance. This is similar to the effect seen when the total alkalinity is 
increased greater than 40 g/I, stabilising the carbonated form of the cyclic tetramer. The proposed 
speciation in solutions 26 and 27 is summarised in Table 62. 
Table 62 Summary of Proposed Major Vanadate Species in Solutions 26 and 27 
Solution Sodium Sulphate (g/l) Major Species 
26 50 HV,O,'· .. HV,O,SO· > V40 12 4- ...., V,012S0'· 
27 180 V40 12 4. """'" V,012S0'· » HV,O,'· .. HV,O,SO· 
9.7.2 Effect of Sulphate Addition on the Oxidation Reaction Kinetics 
The effect of adding sodium sulphate on the oxidation kinetics of solutions 26 and 27 is similar to the 
kinetics seen in solutions with high total alkalinities. It is proposed that the uncarbonated dimer and 
tetramer reduce to V(lV) species as described by reactions 54 and 57. The sulphonated forms of the 
dimer and tetramer reduce to V(IV) as follows; 
HV,O,SO· + HS· -, HV,O.SO· + S + OH" (91) 
(92) 
The V(lV) species formed by the reduction reaction are proposed as V,O,'", V,OiOSO'·, HV,O,SO· 
and HVO,· . If the V(IV) reoxidation reactions are the reverse ofthe formation reactions then 
reactions 58 and 6 I apply and; 
HV ,o,SO· ~ HV,o,SO· (93) 
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V,o,.so'- ~ V.o 12S0'- (94) 
The V(IV) species in the reduced solution 26 are therefore proposed as [HV,o,SO-] - [HVO,-] > 
[V,O,.SO'-]- [V,o,'"] and solution 27 [V.o,.SO'-]- [V,o,'"] > [HV,O,SO-]- [HVO,"J. It is also 
proposed that k,; > k, >k,> k, therefore for both solutions k,; [HV,O,SO-]. - k, [V.o,.SO'-] .» 
k, [HVO,-]. - k, [V,o,'"].- The rate equation for the reoxidation of these solutions is 
- d[V(lVl] 
dt 
2 t- [HV ° SO-] e- k" + 4 k [VO SO'-] e k71 ~ 260 7410 0 (95) 
If, as proposed for the carbonated dimer and tetramer, there is an equilibrium between the 
sulphonated dimer and cyclic tetramer in the oxidised solution, then this may also exist in the reduced 
solution, where the equilibrium constant K, is, 
K, = V,O,.SO'-
[HV,O,SO-]' 
(96) 
IfK, is large, Le_ the equilibrium tends towards the production of V,O,.SO'-, then equation 95 would 
reduces to 
- d[v(Vl] 
dt 
4 k, [V,O,.SO'-], e- k" 
Integrating gives a derived kinetic expression (equation 98) in the same form as that determined 
experimentally (Table 48)_ 
[V(IV)], 4 [V ° SO'-] e- '71 4100 
(97) 
(98) 
From this the initial concentration of V,OIOSO'- in the reduced solution and the rate constants are 
calculated (Table 63)_ 
The reoxidation reaction of both solutions 26 and 27 was found to be first order confirming the 
proposed reaction mechanism_ Ifk,; >k, and the oxidation rate of these solutions depends on the 
sulphonated tetramer/dimer equilibrium, then it would be expected that as the tetramer concentration 
increases the reoxidation rate increases_ This is confirmed by the time to 95% oxidation for solutions 
26 and 27_ The proportion ofV.o12S0'- is greater in solution 27 than 26 and is reflected by the faster 
time to 95% oxidation (26 minutes) for solution 26 than solution 27 (45 minutes)_ 
These results explain the observations [6,17] that in solutions that are not fully optimised to contain 
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the carbonated dimer, sulphate addition increases the proportion of dimeric species present and 
enhances the oxidation rate. If the solution contains the optimal dimer concentration, then sulphate 
addition will facilitate the fonnation ofthe sulphonated tetramer, slowing the oxidation rate. 
Table 63 Initial Concentration ofWIV) Species and Rate Constants of Solutions 26 to 27 
Solution Sodium Sulphate [V.o IOSO'·]. 
"-
(gill (m mol) (min·') 
26 50 7.35 0.120 
27 180 7.65 0.066 
9.8 EFFECT OF MULTIPLE OXIDA TION REDUCTION CYCLES 
It was speculated that speciation may change during the life of a Stretford solution, altering its redox 
properties. In order to investigate this, solutions 22 and 23 were prepared with similar composition to 
solutions I and 4. Solution compositions are detailed in Table 19. Both solutions were subjected to 
three oxidation and reduction cycles. V" NMR spectra of these solutions (Figs 51 and 52) are 
compared to solutions I and 4 (Figs 31 and 34). There is little difference between the spectra of 
solutions 22 and I (Iow TAN). The spectra of solution 23, with TAN 12.5, has broader resonances 
and a slightly greater dimer to tetramer ratio than that of solution 4. Solution 23 has a slightly higher 
TAN concentration ratio (TAN=12) which is probably why the dimer to tetramer ratio is larger. 
These results therefore indicate that repeated oxidation !reduction cycles do not change vanadate 
speciation. 
9.9 SPEC lA TION IN REAL PLANT SOLUTIONS 
From the conclusions drawn from the experiments undertaken it should be possible to predict the 
vanadate species present in, hence oxidation perfonnance of, operating plant solutions from their 
compositions. Solutions 24 and 25 are actual plant solutions. Solution 24 has TAN 4.4, TA = 20 gll 
and pH= 8.8. It can be predicted that the V" NMR spectra for this solution would be similar to 
solution I with the cyclic tetramer as the major species. The spectra of solution 24 (Fig 53) is very 
similar to solution I except its resonances are not as well resolved. This is because solution 24 has a 
slightly higher TAN concentration ratio than solution I. It would be expected that the time to 95% 
-139-
oxidation for this solution would be greater than 100 minutes. 
Solution 25 has a TAN; 4.6, TA;26 g/I and pH;8.2. It can be predicted that the V" NMR spectra 
of this solution would be similar to solution 3 but may have a greater dimer to tetramer ratio, and 
broader resonances due to the lower pH. The spectra of this solution (Fig 54) is as predicted and 
much like solution 4. This solution would oxidise faster than solution 24. The time to 95% 
oxidation would be about 60 minutes. 
In summary, this study has shown the following; 
• The vanadate speciation in Stretford solution alters as solution parameters such as TA, 
vanadium concentration, pH and sulphate concentration are changed. 
• In general, increasing TAN molar ratio alters vanadate speciation to favour the fast reacting 
carbonated dimer, increasing the reoxidation rate. 
• The limitation of this relationship is that the absolute total alkalinity or vanadium 
concentration can have a greater controlling effect on speciation, hence reaction kinetics than 
TAN ratio. 
• Fastest reoxidation occurs when the carbonated dimer is optimised and the tetramer 
minimised in the carbonated form (when 40 g/I < TA< 60 g/I). 
• Increasing pH increases reoxidation rate due to stabilisation of the vanadate monomer, 
regardless of TAN ratio. 
• Some evidence has been found to indicate that ADA selectively catalyses V(IV) tetrameric 
species in reduced solutions. 
• Repeated oxidation/reduction reactions do not alter vanadate speciation. 
• If the solution is optimised for fast reaction kinetics then the ADA concentration may be 
reduced without significant change to the reoxidation rate. 
• Addition of sulphate has a similar effect to increasing total alkalinity. Increasing sulphate 
concentration stabilises a dimeric vanadate species up to an optimum level beyond which 
increasing the sulphate concentration further stabilises a slower reoxidising tetrameric 
vanadate species. 
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10 THE CONSEQUENCES OF CONTROLLING VANADATE SPECIATION 
ON STRETFORD PLANT DESIGN 
The main process areas considered when designing a Stretford plant are the types of absorber, 
reaction delay tank, number of oxidiser stages and tanks, type of sulphur handling and any ancillary 
processes required. A schematic diagram of a typical Stretford plant is illustrated in Fig I, Chapter I. 
This study has dealt with the chemistry of the oxidiser. It has been demonstrated how controlling the 
vanadate species in Stretford process solutions, by altering solution composition, can increase the 
oxidation rate ofV(IV) to V(V) and reduce the amount of ADA catalyst required. Improving the 
chemical process will reduce the residence time of the liquor in the oxidiser, reducing the required 
plot area for the Stretford Plant and decreasing both its operating and capital costs. 
10.1 OXIDISER DESIGN 
The composition of the gas stream to be treated dictates the process route and the equipment used. 
Other design parameters are dependent on commercial, environmental and engineering factors. The 
design of the oxidiser involves the calculation of the liquor residence time, air supply rate, the 
optimum number of stage sI tanks required and their sizes [58). 
The liquor residence time is usually based on the time required for 80% oxidation, measured in 
laboratory tests. The residence time dictates the diameter of the oxidiser, the number of stages, and 
hence air flow rate. When an excessively large tank diameter is required a number of staged tanks 
may be used. The calculation of the residence time is based on a standard coke oven plant design 
where the time to 80% oxidation is 40 minutes, for a standard Stretford solution (total alkalinity of 
25g11, vanadium concentration of stoichiometric plus 0.2g (1.7 gll), ADA concentration of3 gll, and 
pH of9.0). This standard residence time is adjusted for effects of carbon dioxide partial pressure, the 
HS' loading, the number of stages and the liquor depth in the oxidiser tanks. The residence time is 
thus calculated using the standard British Gas design formula [58); 
toR = 40· FHS . Fe . FST . FLD (99) 
where toR = the residence time 
FHS = the factor for HS' loading 
Fe = the factor for the CO, partial pressure 
FST = the factor for the number of stages 
FLD = the factor for the liquor depth 
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The value of the factors are detennined by correlations which have been established by research and 
are well proven from plant operating experience. The factor for HS' loading (FHS) is calculated from 
the HS' loading in g/m', where FHS = 0.4 + 0.0012 x HS' when HS' > 500 g/m' and FHS = 0.5 + 
0.00 I x HS' when HS' < 500 g/m', see Fig 92. 
The CO, partial pressure factor (F d is calculated from the CO, partial pressure in the feed gas above 
the liquor, based on the standard liquor alkali content giving a pH of9.0. Fc = 1.15 x PC02 0.046, see 
Fig 93. 
The factor for the number of stages (FST) is based on pilot plant tests carried out by British Gas and is 
detailed in Table 64. 
Table 64 EsT Values 
Number of Stages FST 
I 1.0 
2 0.94 
3 0.88 
The factor for liquor depth (FLD) is only required if the average depth of the liquor in all the oxidiser 
stages exceeds 12.2m, when FLD = 0.9. Liquor depths of above 12m are not nonnally recommended 
for plant design and have been used only on a few plants. 
This study has demonstrated the influence of TAN ratio and ADA concentration on the oxidation 
rate. TAN ratio and ADA concentration were previously set values, but for some plants they were 
varied with operating experience. For new plants it may be possible to include TAN and ADA 
factors into the design, detennined from the results of this research, when calculating the residence 
time. 
10.2 DESIGN OF A TYPICAL STRETFORD PLANT 
In order to incorporate these parameters as additional factors into the residence time calculation 
(equation 99), and demonstrate the effect of reduced residence times on the design of the oxidiser, a 
design was prepared for a typical Stretford plant with a feed gas comparable to that used in this study 
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and a standard Stretford solution composition. 
Plant designs are prepared using the British Gas StretWin computer program. Fig 94 shows the 
design for the typical Stretford plant prepared using StretWin. The gas specification input included 
details such as the feed gas flow rate, pressure, carbon dioxide and hydrogen sulphide content. From 
this specification the absorber design was calculated. 
The absorber can consist of a venturi, a column, a series of venturis or a combination of venturis and 
columns. For this design a three stage series gas and parallel liquid venturi followed by a packed 
column removed >98% of the hydrogen sulphide from the feed gas. 
Figure 92 The HS- Factor Correlation 
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Figure 94 The StretWjn Desigri for a Typical Stretford Plant 
Gas Specification Section 
Input Data 
Description ~ Design example 
Type of gas ~ off-gas 
Dry volume rate ~ 40000 Nm3/h 
Dry mol. wt. ~ 40.0 
Pressure a 1.1 bara 
Temperature ~ 35.0 deg.C 
CO2 inlet - 36.00 % v/v 
H2S inlet - 1.500 %v/v 
HCN inlet - 0.0 ppmv 
Results 
Saturation water ~ 2145.8 Nm3/h 
Sulphur content - 20.57 tonne/day 
Comments 
None 
Absorber Section 
Absorber Type 
Venturi/Column 
Venturi IDput Data 
Configuration - Series Gas & Parallel Liquor 
Number·of stages - 3 
HS- loading - 500.0 g/m3 
%Removal - 98.212 % 
OUtlet H2S - 268.3 ppmv 
Venturi Results 
Liquor rate (m3/h) - 578.7, 578.7, 578.7 
% removal - 73.8, 73.8, 73.8 
NOG - 1.3, 1.3, 1.3 
CO2 factor - 37, 37, 37 
Column IDput Data 
Packing - Splash Plate with Pall Ring (75mm) 
HS- loading - 40.0 g/m3 
OUtlet H2S - 20.0 ppm 
H2S In to Pall Ring - ·foo.o ppmv 
Column Results 
Gas velocity ~ 1.0 m/s 
Diameter - 3.9 m 
Wetting rate: - 30.46 m3/(m2.h) 
Liquor rate: - 365.7 m3/h 
Flooding approach: - 51,7 % 
Pressure drop: - 9.1 in w.g. 
Splash Plate Ht. ~ 12.6·m 
Pall Ring Ht. - 5.8 m 
Combination Results . 
Liquor;rate: - 2102 m3/h 
HS-: ,;; 420.0 g/m3 
Suphur Removed: - 20.54 tonne/day 
Comments 
None 
Reaction Tank Section 
ZIlput Data 
Liquor level - 9.0 m 
Resu1ts 
Residence time - 8.5 mins 
Configuration - Internal unexpanded column sump and external tank 
Note 1 - last stage venturi mounted on side of column with common sump 
Note 2 ~ other venturi(s) with seprate sump with liquor flow to column sump 
Internal Reaction Sump Results 
Actual Liquor level - 9.2 m 
Diameter - 3.9 m 
Reaction Volume - 94.4 m3 
Base arrangment - 60 degrees to vertical 
External Reaction Tank Results 
Actual Liquor level = 9.0 m 
Diameter ~ 6.0 m 
Reaction Volume = 198.0 m3 
Base arrangment - 4S degr~es to vertical 
Comments -144-
None 
Figure 94 cont. 
Oxidiser Section 
:Input Data 
cpnfiguration _ Three single staged tanks in series 
Liquor level - 7.5 m 
Residence time overdesign - 0 t 
Results 
Overall tank heights - 9.0 m 
Tank diameter - 8.5 m 
Air rate in each tank a 3288 Nm3/h 
Power Consumption - 3 x 47 kW 
Flotation velocity - 57.8 Nm3/(h.m2) 
Number of hoods - 31 in each tank 
Hood diameter - 600 mm 
Hood hole diameter a 4.5 mm 
Actual residence time - 35.8 mins 
Holes per hood - 122 
Comments 
None 
Slur;y and Ptynp tanks Section 
Slurry Tank :Input Data 
Tank height - 6.0 m 
Slurry Tank Results 
Tank diameter - 8.5 m 
Tank Volume - 342.4'm3 
Base arrangment - flat degrees to vertical 
Hold-up time - 24 hours 
Pump Tank Results 
Tank height - 6.0 m 
Tank diameter a 10.5 m 
Tank Volume - 519.5 m3 
fomn'ents 
None 
Chem:l.c:m1 Cons!!!!!ption Sect:l.9P 
:rnput Data 
Thiosulphate : Sulphate ratio - 0.01 molar 
TOtal dissolved salts (TDS) - 250.0 g/L 
SUlphur solubilisation - 2.0 t 
HCN Prewash removal - 0.0 t 
Results 
Liquor purge - 8.03 m3/day 
25 g/L of either Na2S203 or NaSCN can be added initially for ADA protection 
Concentraticns"Results 
ADA - 3.0 g/L 
Vanadium (metal) - 1.6 g/L 
Na2C03 (Stretford) - 25 g/L 
Na2C03 (HCN Prewash) - 0 g/L 
Na2S203 - 2 g/L 
Na2S04 ~ 223 g/L 
NaSCN (Stretford) - 0 g/L 
NaSCN (HCN prewash) - 0 g/L 
:mitia1 :rnventory Results 
ADA a 6057 Kg 
Vanadium (metal) - 3145 Kg 
Na2C03 (Stretford) - 50473 Kg 
Makeup Results 
ADA - 36.2 Kg/day 
Vanadium (metal) - 12.51 Kg/day 
Na2C03 (Stretford) - 1549 Kg/day 
Na2C03 (HCN Prewash) - 0 Kg/day 
Comments 
None 
End of Design 
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The column is used to "polish" the gas from the venturi to give low sulphur or sulphur free gas to the 
required specification. A reduction of hydrogen sulphide to 20 ppmv is typical of many plants 
operating in the U.S.A. Once the absorber configuration was chosen the program calculates the 
liquor flow rate, the total HS· loading and the amount of sulphur removed. The HS· loading and the 
amount of sulphur removed may also be modified as an input design parameter in order to optimise 
the design. The reaction tank was designed next. A default liquor level of9.0 m was input and the 
program calculated the dimensions of the tank or tanks. 
The next stage was to choose the configuration of the oxidiser and the tank dimensions were 
calculated, for a set liquor depth, using the liquor rate, HS· loading and pCO, data from the absorber. 
Depending on the size, different configurations can be tried in an iterative way. The residence time 
of the liquor in the oxidiser is determined by the program using equation 99 described in the previous 
section. 
The·dimensions of the slurry tank were determined from a default height of6 m, and finally the initial 
chemical inventory and chemical consumption was calculated. 
10.3 DETERMINA nON OF NEW FACTORS 
To incorporate the effect of vanadate speciation into the oxidiser design, the relationship between the 
parameters that alter speciation, with the time to SO% oxidation (10.8)' was quantified. In order to 
quantifY these relationships the 10.8 values for each of the solutions studied in this research were 
determined and detailed in Table 65. The relationship between each parameter and to.8 was 
determined and related to the standard residence time of 40 minutes. 
10.3.1 The TAN Factor (FTAlov) 
In order to incorporate the effect of changing vanadate speciation, by altering the TAN ratio, on the 
residence time, a factor for TAN (FTAlov) was determined such that equation 99 becomes 
(100) 
The 10.8 values for solutions I to IS, with varying TAN and pH values, were plotted against TAN 
ratio and shown in Fig 95. The 10.8 values of solutions I to 14, with pH of S.S were fitted to the 
following exponential function using the Sigma Plot curve fitting package; 
10.8 = IOS.5 e-O· IS19TAN (10 I) 
-146-
Table 65 ~, Values For Solutions I to 30 
Solution TAN Sulphate ADA Initial pH 10.8 
(gll) (gll) (m ins) 
1 2.0 - 4.0 8.8 96.8 
2 5.8 - 4.0 8.8 42.6 
3 6.5 - 4.0 8.9 41.1 
4 11.2 - 4.0 8.8 17.9 
5 15.1 - 4.0 8.8 8.9 
6 18.1 - 4.0 8.7 10.1 
7 7.8 - 4.0 8.8 29.9 
8 9.2 - 4.0 8.8 28.2 
9 12.2 - 4.0 8.8 15.7 
10 18.9 - 4.0 8.8 6.4 
11 12.3 
-
4.0 8.7 12.6 
12 10.5 - 4.0 8.7 33.7 
13 2.1 - 4.0 8.6 63.2 
14 4.3 - 4.0 8.8 55.1 
15 2.0 - 4.0 8.3 80.1 
16 12.1 - 4.0 8.1 14.3 
17 2.0 - 4.0 9.7 11.9 
18 12.3 - 4.0 10.0 9.6 
19 2.3 
-
0 8.8 516.8 
20 12.2 - 0 8.8 96.7 
21 7.5 - 0 8.9 415.2 
26 12.0 50 4.0 8.9 13.5 
27 11.6 180 4.0 8.8 24.4 
28 11.9 
-
1.1 8.8 18.6 
29 11.7 - 0.5 8.8 19.6 
30 12.0 
-
0.15 8.8 29.7 
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This function was related to the standard residence time of 40 minutes to obtain FTA,.y for solutions 
with pH 8.8 and 4g11 ADA. 
FTA,.y ; 108.5/40 e .. ·•519TAN ; 2.713 e .. ·15 •9TAN (102) 
Solutions 15 and 16, pH 8.4 and TAN of2.0 and 12.1, had 10.8 values which closely fit the 
relationship between 10.8 and TAN at pH 8.8. The TAN factor determined at pH 8.8 could therefore 
be used for solutions with a pH of 8.4. At pH 10.0 the 10.8 value was low regardless of TAN value. 
Fitting these two points to a linear function gave the following equation; 
t08; 12.319-0.2243TAN (103) 
Therefore for solutions with a pH 10.0 and ADA concentration of 4 gll the TAN factor was 
FTA,.y; 0.31 - 0.00561 TAN (104) 
The TAN correlation (FTA,.y) was determined with solutions containing 4 gll ADA, not the 3 gll 
standard. A higher ADA concentration should have no effect on the TAN correlation as the 
difference in oxidation rate between solutions containing 3 and 4 gll ADA, is not significant. 
10.3.2 The ADA Factor (F AD~ 
This study has demonstrated that in solutions with a TAN of 12 it is not necessary to have such a 
high ADA concentration in order to achieve an optimum oxidation rate. In order to incorporate this 
effect on the residence time a factor for ADA (F ADA) was determined such that equation 100 becomes 
(105) 
The relationship between ADA and 10.8 for solutions with a TAN of 12 was determined by plotting 
the 10.8 values of solutions 4, 20, 28, 29 and 30 against ADA concentration (Fig 96). The curve was 
fitted to a double exponential function using the Sigma Plot curve fitting package; 
10.8; 19.36 e .. ·0206ADA + 77.38 e·13.41ADA (106) 
Ifthe standard ADA concentration is 3.0 gll then when TAN = 12 and ADA = 3.0 gll, FADA ; I, 
hence 
F ADA = 1.06 e ".0206ADA + 4.25 e -13.41ADA (107) 
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Figure 95 
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4 5 
10.4 V ALIDA TION OF CORRELA nONS 
In order to test the new correlations and incorporate the modified residence time calculation into the 
oxidiser design, a Quick Basic version of the British Gas Oxidiser Design program was used. This 
standill~n~ program is equivalentto the oxidiser section of the StretWin design program, however as 
it makes use of the Quick Basic compiler it is easily modified. The inputs required to prepare the 
design were the liquor rate, HS· loading, pCO, and sulphur load. The parameters which may be 
varied were the vanadium concentration, total alkalinity or TAN, configuration, and ADA 
concentration. 
The oxidiser design for the typical Stretford plant (using standard liquor concentrations) was repeated 
using the Quick Basic oxidiser design program for comparison with the StretWin program. The 
liquor loading, flow rate and partial pressure calculated from the absorber section of the StretWin 
program were input The output from the oxidiser design program is shown in Fig 97. The optimum 
configuration was three tanks in series with approximately the same dimensions as that calculated by 
the StretWin program (Fig 94). 
Figure 97 Oxidiser Design For A Typical Stretford Plant Using 
Oxidiser Design Program 
FOR TA = 25 I ADA = 3 g/L AND V = 1.6 
ARRANGEMENT THREE SERIES TANKS 
OXIDISER DIAMETERS 8.5 m 
OVERALL HEIGHT OF TANKS 9 m 
LIQ. DEPTH IN FIRST TANK 7.5 m 
TOTAL RESIDENCE TIME 35.8 mins 
AIR RATE TO EACH TANK 3280 Nm3/h 
HOOD DIAMETER· 609.6 m.m. 
NO. HOODS IN EACH TANK 30 
HOOD HOLE DIAMETER 4.5 m.m. 
HOLES PER HOOD 128 
LIQUOR RATE 2102 M3/H 
HS- LOADING 420 ppm 
PPC02 .~98 
FHS = .88 FD = 1 FH = .92 FC = 
FTA = 1 FADA = 1 FpH = 1 
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g/l 
1.10592 
The oxidiser design program was modified to incorporate the new correlations, allowing a design to 
be prepared with a solution optimised for fast reaction kinetics. A new section was inserted to 
request the solution pH, TA and total vanadium concentration. The TAN molar ratio was calculated 
from the total vanadium concentration. The TAN factor was calculated such that below pH 9.0 
equation 102 was used to calculate FTAoov and above pH 9.5 equation 104 was used otherwise 
FTAoov ~ I . The ADA factor was calculated such that above TA ~ 39 gll equation 107 was used to 
calculated FADA otherwise FADA ~ I. The residence time calculation was modified to equation 105. 
The modified program was tested by running the oxidiser design program for solutions I to 18, 28 to 
30 and checking the difference between the experimental 10.8 and the IoR values calculated by the 
program. It was assumed that the plant design was standard hence all the factors were standard 
except FTAoov and F ADA' The residence times calculated are detailed in Table 66 and are, in general, 
comparable with the experimental 10.8 values. 
10.5 EFFECT OF NEW CORRELA nONS ON PLANT DESIGN 
Using the oxidiser design program, with the modified residence time calculation, the oxidiser ofthe 
typical Stretford plant was redesigned, keeping the suggested configuration of three series tanks and 
the standard solution composition. The calculated design is detailed in Fig 98. The effect of the new 
correlations were to reduced the residence time by 4 minutes, the tank diameter by 0.6 m but increase 
the number of hoods required in each tank. 
This research has shown that altering solution composition, to optimise the dimeric vanadate species 
and minimise the tetrameric species in the carbonated form, can increase oxidation rate. In order to 
establish the effect of optimising vanadate speciation on the oxidiser design the solution composition 
was altered from standard. The total alkalinity was increased to 40 gll, the vanadium concentration 
decreased to stoichiometric, 1.42 gll for a liquor loading of 420 ppm, and the ADA concentration 
reduced to 0.5 gll. 
Fig 99 details the modified oxidiser design with the new chemical composition. The optimum 
configuration was a single tank with three compartments which would be a considerable saving on 
the three tanks required using a standard solution composition. The number of air hoods required 
was reduced by a third compared to the number required with the standard solution composition. The 
residence time was reduced from 31.1 to 13.5 minutes. 
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Table 66 Comparison Between Experimental 10.8 Values And Calculated 10. Values 
Solution TAN Sulphate ADA [nitial pH 10.8 IoR 
(gll) (gll) (m ins) (m ins) 
I 2.0 
-
4.0 8.8 96.8 79.9 
2 5.8 - 4.0 8.8 42.6 44.7 
3 6.5 - 4.0 8.9 41.1 40.3 
4 11.2 - 4.0 8.8 17.9 19.5 
5 15.1 - 4.0 8.8 8.9 10.9 
6 18.1 
-
4.0 8.7 10.1 7.0 
7 7.8 
-
4.0 8.8 29.9 33.0 
8 9.2 - 4.0 8.8 28.2 27.1 
9 12.2 
-
4.0 8.8 15.7 16.6 
IQ 18.9 
- 4.0 8.8 6.4 5.7 
11 12.3 - 4.0 8.7 12.6 16.7 
[2 10.5 - 4.0 8.7 33.7 21.0 
13 2.1 - 4.0 8.6 63.2 79.3 
14 4.3 - 4.0 8.8 55.1 57.4 
15 2.0 - 4.0 8.3 80.1 79.9 
16 12.1 
-
4.0 8.1 14.3 17.3 
17 2.0 - 4.0 9.7 11.9 12 
18 12.3 - 4.0 10.0 9.6 9.7 
19 2.3 - 0 8.8 516.8 -
20 12.2 - 0 8.8 96.7 92.4 
2[ 7.5 
- 0 8.9 415.2 -
26 12.0 50 4.0 8.9 13.5 -
27 11.6 180 4.0 8.8 24.4 -
28 11.9 
-
1.1 8.8 18.6 19.1 
29 11.7 
- 0.5 8.8 19.6 19.4 
30 12.0 
- 0.15 8.8 29.7 28.7 
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Figure 98 Modified Oxidiser Design For A Typjcal Stretiord Plant Using 
A Standard Solution Composition 
FOR TA = 25 , ADA = 3 g/L AND V = 1.6 
ARRANGEMENT THREE SERIES TANKS 
OXIDISER DIAMETERS 7.9 m 
OVERALL HEIGHT OF TANKS 9 m 
LIQ. DEPTH IN FIRST TANK 7.5 m 
TOTAL RESIDENCE TIME 31.1 mins 
AIR RATE TO EACH TANK 3200 ·Nm3/h 
HOOD DIAMETER 533.4 m.m. 
NO .. HOODS IN EACH TANK 36 
HOOD HOLE DIAMETER 4.5 m.m. 
HOLES PER HOOD 104 
LIQUOR RATE 2102 M3/H 
HS- LOADING 420 ppm 
PPC02 .398 
g/l 
FRS = .88 FD = 1 FH = .92 FC = 1.10592 
Figure 99 
FTA = .8671544 FADA = 1 FpH = 1 
Modified Oxidiser Design For A Typical Stretford Plant Using A Reduced 
ADA Concentration and Increased TAN 
FOR TA = 40, ADA = .5 g/L AND V = 1.423 g/l 
ARRANGEMENT SINGLE TANK WITH THREE COMPARTMENTS OXIDISER DIAMETER 
OVERALL HEIGHT 
LIQUOR DEPTH 
RESIDENCE TIME 
TOTAL AIR RATE 
HOOD DIAMETER 
NUMBER OF HOODS 
HOOD HOLE DIAMETER· 
HOLES PER HOOD 
LIQUOR RATE 
HS- LOADING 
PPC02 
FHS = .88 FD = 
li'TA = .3485788 
9 
9 
7.5 
13.5 
9600 
610 
33 
4.5 
341 
2102 M3/H 
420 ppm 
.398 
1 FH = .92 
FADA = 1.079204 
-153-
m 
m 
m 
mins 
. Nm3/h 
m.m. 
(TOTAL) 
m.m. 
FC = 1.10592 
FpH = 1 
Using this new oxidiser configuration and solution composition the chemical inventory was 
calculated and detailed as follows [58]; 
Initial Inventory 
Liquor Inventory = 1.05 . Total Liquor Rate· Total Residence time 
Residence Times 
Reaction Tank = 
Oxidiser Tank = 
Pump Tank = 
Total = 
Total Liquor Inventory 
1.05 x 30.5/60 x 2102 = 1121.9 m' 
Sodium Carbonate concentration 
Inventory 
8.5 mins 
13.5 mins 
8.5 mins 
30.5 mins 
40 kg/m' 
40 x 1121.9 
= 44876 kg 
ADA Concentration 
Inventory 
Vanadium Concentration 
Chemical Make Up 
0.5 kg/m' 
0.5 x 1121.9 
561 kg 
1.42 kg/m' 
1.42 x 1121.9 
1593 kg 
Following the calculations for chemical makeup presented in the Stretford Design Manual [58] the 
required chemical make up for this design was; 
Sodium Carbonate = 1039 kg/day 
ADA 
Vanadium 
= 3.93 kg/day 
= 7.98 kg/day 
Comparing this inventory with the original inventory, calculated using the StretWin program (Fig 
94), the sodium carbonate was reduced by 11%, the vanadium by 49% and the ADA by 90% in the 
new design. The chemical make up was reduced as follows; sodium carbonate and vanadium by 
33% and ADA by 90%. This was not only due to the reduced concentration of chemicals required 
but also due to the reduced initial liquor inventory. 
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Other benefits of reducing the liquor inventory in this modified design are, reduced by product 
formation, increased efficiency and the ability to over design the plant to handle increased sulphur 
loadings. 
Operating experience at the Sasol Stretford plant at Secunda, South Africa can verifY these 
conclusions [6,17]. The reoxidation capacity of the plant was enhanced by increasing the total 
alkalinity and maintaining a TAN ratio of 15 enabling it to handle increased sulphur loadings. 
Applying the results of this research to plant design has demonstrated that choosing a Stretford 
solution composition, with vanadate species optimised for fast reaction kinetics, can reduce the 
residence time and produce considerable savings in plant capital and operating costs. 
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11 LIMITATIONS OF THIS STUDY AND FURTHER WORK 
Although this study has dealt rationally with the effects of altering solution composition hence 
vanadate speciation and plant design, there are several limitations to the conclusions drawn and scope 
for further work. 
11.1 LIMITATIONS OF THE MODIFIED RESIDENCE TIME CALCULATION 
The new correlations (FTAIoV and F ADA) are limited to the calculation of residence time for the 
observations made in this study only. The correlations have been proved to be valid under certain 
conditions and other factors may effect the residence time hence the ultimate plant design chosen. 
I I.I.I Solutions with Low TAN Ratios 
The experimental results demonstrated that predicting the time to 80% oxidation for solutions with 
low TAN ratios was inaccurate. There was a large error between the experimental and calculated 
values oftime to 80% oxidation, Fig 95, for solutions with TAN values of below 3.0 and pH 8.8. 
The difference between the predicted time, and the experimental values was +/- 20 minutes. It 
would be unlikely for actual Stretford plants to operate with such a solution composition and long 
residence time, therefore this limitation is worth noting but is not significant. 
I 1.1.2 Solutions with TAN> I 2 and Low Absolute Total Alkalinity 
The new findings in this research (Section 9.3.2) indicated that increasing TAN ratio does not 
necessarily increase the oxidation rate ifthe absolute total alkalinity is 25 g/I or lower. Such a 
solution did not fit the FTAtov correlation, Fig 95. It is recommended that to reduce residence time, the 
TAN ratio should be increased, firstly by altering the total alkalinity concentration above standard, 
after which the vanadium concentration may be reduced to stoichiometric. It is not advisable to 
increase TAN by reducing vanadium concentration if the total alkalinity is 25 g/I ur less as this could 
lead to an increase in residence time. 
I I. 1.3 The ADA Factor 
The ADA correlation (F ADA) was only determined for solutions with TA> 39 g/I , TAN=I 2 and pH 
8.8. It is known from operating experience that at lower TAN ratios a similar relationship between 
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ADA and 10.8 exists, however the correlation at lower TAN was not determined in this study. Further 
work may indicate that a modified ADA correlation could be used to calculate the ADA factor over a 
wider range of solution compositions 
II.IA High Total Alkalinity and Sulphate Levels 
This study indicated that solutions with TA=40gl1 and TAN=12, 50gl1 of sodium sulphate can 
enhance oxidation but 180 gll can slow the oxidation rate. A new plant generally starts with no 
sulphate and the sulphate levels build up to an equilibrium amount. For several plants the removal of 
salts by crystallisation provides zero discharge to the environment and alters the levels of sulphate to 
be controlled [59]. The amount the sulphate levels build up to can enhance oxidation or be 
detrimental to oxidation, depending on the process solution composition. It is for this reason that 40 
gll TA and TAN=15 was chosen for the modified solution composition for the typical Stretford plant 
design. It would be possible to improve the design further by increasing the TA to 50 gll however the 
correlation does not take account of the levels of sulphate which might build up in this plant. It is 
possible that sulphate levels in this plant would reduce the required residence time in this design but 
if the solution contained 50 gll TA the sulphate levels may increase the residence time. A 
compromise total alkalinity of 40gl1 was therefore chosen. The effect of sulphate levels on the 
residence time requires a more detailed investigation before quantification and inclusion into the 
residence time calculation. It is therefore prudent to choose a total alkalinity concentration lower than 
optimum to allow for the possible effects of sulphate build up. 
1l.l.5 The Effect of pH on Speciation 
The effect of TAN on residence time of solutions with pH 8.8 has been covered in detail in this 
study. An attempt has also been made to quanti/)' this relationship at pH 8A and pH lOin the 
residence time calculation. There was a considerable difference between speciation hence residence 
time between solutions with pH 10 and 8.8. It would be interesting to determine at which point 
between pH 8.8 and 10 the speciation changes and the effect on the oxidation rate at different TAN 
ratios. Stretford plants, however, operationally treat feed gases whose partial pressure of carbon 
dioxide leads to a solution composition of either pH 10 or less than 8.8. 
11.2 CONSEQUENCES ON PLANT DESIGN 
This study has concentrated on increasing the reoxidation rate ofV(lV) to V(V), reducing the 
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residence time of the liquor in the oxidiser, in order to reduce plant capital and operational costs. 
Solution compositions optimised for enhanced oxidiser perfonnance may also have consequences on 
other areas of Stretford plants. 
11.2.1 Air Velocity 
The air flow rate is calculated on the basis of both the flotation velocity and the stoichiometric 
amount, and the larger value used for the design [58]. The required air velocity calculated for the 
modified oxidiser design chosen was very high as the tank size is small. The consequence of this 
would be poorer separation of sulphur from liquor and a lower air utilisation. 
11.2.2 Absorber Chemistry 
Delaney and Schramm[7] suggested that the vanadate dimer does not react with HS- only the 
tetramer. This was supported by observations made by DeBerry[IO], (Section 3.3). It is possible that 
optimisation of solution composition for enhanced oxidation may decrease the reduction reaction rate 
leading to HS-slippage to the oxidiser. 
It would be of interest to extend this study to detennine the effect of altering vanadate speciation on 
other areas of the Stretford plant. In particular to elucidate the effect on the absorber reactions and 
mechanism. In order to study the absorber chemistry, and confirm the proposed oxidiser reactions, it 
would be beneficial to study the V(IV) speciation in the reduced solution and confinn the proposed 
V(V) species in the oxidised solutions. 
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12 CONCLUSIONS 
It has been demonstrated how changing Stretford solution composition can change the vanadate 
species present. Vanadate speciation dictates the oxidation reaction mechanism therefore a solution 
composition can be chosen which increases oxidation rate. In general solutions with TA> 40 gll and 
T AfV greater than 12 exhibit fast oxidation rates. These are the conditions under which the 
carbonated vanadate dimer is maximised and the carbonated cyclic tetramer minimised. 
If the solution composition is optimised for fast reoxidation it has been demonstrated that it is 
possible to reduce the amount of ADA catalyst required in the process solution without affecting the 
reoxidation rate. 
The effects of changing solution parameters on the time to 80% oxidation have been quantified and 
correlated to the calculation of the liquor residence time used to design the oxidiser. The 
consequence of this has been to improve the design oftypical Stretford plants, reducing capital and 
operational costs. These conclusions have been fully verified from plant experience. 
Limitations of these conclusions have been highlighted and areas for further work identified. 
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APPENDIX I EXPERIMENTAL METHODS 
METHOD I STANDARD PREPARATION OF STRETFORD SOLUTIONS 
I litre ofStretford solution is prepared in the following manner; 
Reagents 
Approx. M/I.6 Vanadium solution (see Method 2) 
Sodium Bicarbonate (Analytical Reagent) 
Sodium Carbonate (Analytical Reagent) 
4g ADA - based on activity (See Appendix 2) 
1000 ppm Iron (Ill) Standard 
Preparation 
Dissolve 4g of sodium carbonate and 25g sodium bicarbonate in about 500mls deionised water. 
Add 5mls iron standard. Add enough vanadate stock solution (concentration pre-determined) to give 
a vanadate concentration in 10 % excess of hydrogen sulphide loading. 
Dissolve ADA in about 200mls deionised water. 
Add the ADA solution to the vanadate solution and make up to 1000 mls with deionised water. 
METHOD 2 PREPARATION OF VANADATE STOCK SOLUTIONS 
Reagents 
Commercial Sodium Ammonium Vanadate (Elvan K) 
Sodium Carbonate (Analytical Reagent) 
25 v/v% Sulphuric Acid 
Orthophosphoric Acid (Analytical Reagent) 
Sodium Diphenylaminesulphonate Indicator (Standard Laboratory Reagent) 
0.025 M Ammonium Iron(I1) Sulphate (Standard Volumetric Solution) - Standardise using Method 3 
Procedure 
Weigh approximately 95g of sodium ammonium vanadate into a large beaker. 
Add approximately an equal weight of sodium carbonate. 
Add about 1000 mls deionised water and dissolve by heating on hot plate. 
Boil solution until all the ammonia has been released. 
-164-
Cool the solution and filter to remove any insoluble impurities. 
Dilute filtrate to I litre with de ionised water. 
Determination of Solution Concentration 
Pipette 10 ml of the resultant solution into 100ml volumetric flask and make up to volume with 
de ionised water. 
Pipette 10 ml of this solution into a conical flask containing about 50 ml deionised water, 25ml of 
25% H,SO. and I Oml of H,PO •. 
Add sodium diphenylaminesulphonate indicator, enough to turn the solution purple. 
Titrate with 0.025 M Ammonium lron(ll) Sulphate until the solution colour changes from purple to 
grey/ green. 
The strength of the stock solution in g/I is calculated as follows; 
[VI g/I = titre x 0.025 x 50.94 (RMM V) 
Knowing the strength of the solution calculate the volume of stock solution to add to the Stretford 
solution. Typically the concentration should be 31.9 g/I such that 50 mls of this stock is added to make 
a Stretford solution containing 1.6g/1 vanadium. 
METHOD 3 MANUAL MONITORING OF V(V) REOXIDATION 
Every 10 minutes take 10 ml aliquots of solution and pipette into a conical flask containing 50mls 
water. 
Add 25ml of25% H,SO. and 10ml H,PO. 
Add sodium diphenylaminesulphonate indicator and titrate with 0.025M ferrous ammonium sulphate. 
Calculate the V(V) concentration as follows; 
Vanadium concentration g/I titre x 0.025 x 50.94 
10 
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METHOD 4 DETERMINATION OF TOTAL ALKALINITY 
The detennination of total alkalinity is carried out by titration with acid, using a Metrohm 
titroprocessor and pH electrode to detennine the end points. 
Reagents 
0.5M Hydrochloric Acid 
Apparatus 
Metrohm 686 Titroprocessor 
Metrohm 665 Dosimat fitted with a pH electrode 
Procedure 
Pipette 10 ml of filtered solution into the reaction vessel and dilute to 50 ml with deionised water. 
Add magnetic follower and attach vessel to Dosimat 
Insert pH electrode into solution. 
Start the titration using the appropriate titroprocessor program. 
The end points are detennined automatically from the maximum slope on the pH/titre graph. 
Two end points are detennined and the total alkalinity, sodium carbonate and bicarbonate 
concentration detennined automatically. 
Calculation 
The results are calculated automatically as follows. 
V I = titre of first end point 
V2 = titre of second end point 
Concentration Sodium Carbonate = V I x 106 x 0.5 
10 
Concentration of Sodium Bicarbonate = V2 - (2 x VI)) x 84 
10 
Total Alkalinity g/I sodium bicarbonate x 2 x 84 
106 
+ g/I sodium carbonate 
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METHOD 5 STANDARDISATION OF 0.025M FERROUS AMMONIUM SULPHATE 
Reagents 
0.02M Potassium Pennanganate 
0.05M Sodium Oxalate 
10% Sulphuric Acid 
Standardisation of Potassium Pennanganate 
Pipette 25 ml sodium oxalate solution into a 250ml conical flask and add about 25ml dilute sulphuric 
acid. 
Heat the contents of the flask to about 80 'C 
Titrate with the pennanganate solution until a pennanent pink colour is obtained. 
Calculation 
conc. Pennanganate 2 x 0.05 x 25 
5 x titre 
Standardisation of Ferrous Ammonium Sulphate 
Pipette 25 mls ferrous ammonium sulphate into 250 mls conical flask and add 25ml sulphuric acid. 
Titrate with the pennanganate solution. 
Calculation 
conc. FAS = 5 x 0.02 x titre 
25 
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METHOD 6 TOTAL VANADIUM DETERMINATION 
Reagents 
Conc. H,SO, 
Conc.HNO, 
0.5 w/v% Potassium Permanganate solution 
10 wt"/o Sulphamic Acid 
O.Swt"/o Sodium Nitrite 
conc.H,PO, 
Sodium diphenylamine sulphonate indicator 
0.02SM Ferrous Ammonium Sulphate solution 
Add 12.S ml water to 2 wide neck SOOml conical flasks. To each flask add a 10 ml aliquot of Stretford 
solution. 
Add 12.5 ml H,SO, and 2Sml HNO, to each flask 
Place flasks on a hot plate and boil until white fumes of SO, are evolved and the solutions turn 
green/turquoise. 
Remove from hot plate and cool 
Rinse sides of flasks with approx. 100mls water and cool again. 
Add permanganate solution dropwise until a permanent pink colour persists. This oxidises any 
remaining V(IV). 
Destroy the excess permanganate with O.Swt% sodium nitrite, added dropwise until the pink colour 
disappears. 
Add Sml 10% sulphamic acid to destroy excess nitrous acid and add 10ml phosphoric acid and redox 
indicator. 
Titrate with 0.02SM ferrous ammonium sulphate until the solution changes from purple to green 
Calculate the concentration of vanadium present as follows; 
Total Vanadium gll = Titre x 0.02S x SO.95 
10 
-168-
APPENDIX 2 ADA ACTIVITY 
The activity of ADA is a measure of purity and isomer distribution. It is known that the most active 
isomers are the 2,6 and 2,7 isomers. The 2,6 isomer is, however less soluble. The presence of 
impurities such as calcium can deactivate isomers present. The activity ofthe ADA used has to be 
determined before preparing a Stretford solution. 
The activity is defined as 100% less moisture content, equivalent NaCI, NaSO, and Ca. If Elvada 
ADA is used a further 5% is subtracted to account for the known amount of inactive isomers. The 
moisture content is determined by weight loss. The calcium content is determined by a gravimetric 
method and the NaCI, NaBr and NaSO, by Ion Chromatography [52]. 
The activity of the ADA used in this study is detailed below; 
Elvada 1254 Japanese 2,7 High Pass Chinese 'M' Grade 
(Nihon Jyoryo Kogyo Co Ltd) 27209(A) 
% moisture 9.02 2.82 6.57 
%Ca 0.00 0.00 0.75 
NaBr 4.30 0.1 -
NaCI 0.06 0.03 0.38 
eq NaCI 2.50 0.09 0.38 
NaSO, 6.08 14.30 15.4 
Total inorganics 17.6 17.21 23.1 
Less inactive isomers -5 - -
% Activity 77.4 82.75 76.9 
Wt (g) for 4g of ADA 5.17 4.83 5.20 
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APPENDIX 3 
Table 22 
Time Titre 
I (mins (ml) 
0 
-
4 4.50 
10 6.53 
15 6.86 
20 7.18 
25 7.48 
30 7.89 
35 8.04 
40 8.10 
45 8.32 
50 8.56 
55 8.76 
60 9.04 
Table 23 
Time Titre 
(mins) (m I) 
0 -
3 5.82 
7 6.92 
11 7.60 
15 7.97 
22 8.95 
27 9.23 
31 9.52 
35 10.05 
39 10.14 
44 10.43 
48 10.69 
52 10.73 
57 11.18 
RESULTS FROM OXIDATION REACTIONS 
Solution I 
[V(IV)] [V(IV)] fit %Ox 
(gll) (gll) 
1.50 1.51 4.5 
1.00 1.00 36.6 
0.74 0.76 53.1 
0.70 0.69 55.8 
0.65 0.65 58.4 
0.62 0.62 60.8 
0.56 0.59 64.1 
0.54 0.56 65.4 
0.54 0.53 65.9 
0.51 0.50 67.6 
0.48 0.48 69.6 
0.45 0.46 71.2 
0.42 0.43 73.5 
Solution 2 
[V(IV)] [V(IV)] fit %Ox 
(gll) (gll) 
1.50 1.50 8.0 
0.89 0.89 45.5 
0.75 0.74 54.1 
0.66 0.66 59.4 
0.61 0.60 62.3 
0.49 0.50 69.9 
0.45 0.44 72.1 
0.42 0.40 74.4 
0.35 0.36 78.5 
0.34 0.33 79.2 
0.30 0.29 81.5 
0.27 0.26 83.5 
0.26 0.24 83.8 
0.20 0.21 87.3 
3rd 
Order 
0.00 
0.55 
1.28 
1.65 
1.93 
2.20 
2.48 
2.79 
3.13 
3.50 
3.92 
4.38 
4.88 
1.5 
Order 
0.00 
0.25 
0.35 
0.41 
0.48 
0.59 
0.69 
0.76 
0.84 
0.93 
1.04 
1.14 
1.24 
1.37 
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H,S Loading (g) 
pH 
0.5 
8.8 
TOC 25.3 
[V(IV)] = 0.72e-0 271 + 0.7ge-O·01l 
10., (mins) 10.3 
10." (mins) 235.0 
Standard Error of Curve Parameter 
a 0.017 
b 
c 
d 
0.001 
0.021 
0.019 
Av. variation of fit from result - 0.012 gll 
d[V(IV)]/dt toO 0.203 
H,S Loading (g) 
pH 
0.5 
8.8 
TOC 24.9 
[V(IV)] = 0.63e-O·691 + 0.87e-00251 
10., (mins) 7.6 
10." (mins) 122.6 
Standard Error of Curve Parameter 
a 0.019 
b 0.071 
c 
d 
0.014 
0.001 
Av. variation of fit from result - 0.012 gll 
d[V(IV)]/dtr-o 0.456 
Table 24 Solution 3 
Time Titre [V(lV)] [V(IV)] fi 
(mins) (ml) (gll) (gill 
0 - 1.50 1.50 
4 5.55 0.96 0.95 
8 7.28 0.74 0.76 
21 9.09 0.51 0.52 
26 9.53 0.45 0.45 
30 9.76 0.43 0.41 
38 10.24 0.36 0.33 
42 10.65 0.31 0.29 
47 10.85 0.29 0.26 
55 11.50 ·0.20 0.21 
60 11.89 0.15 0.18 
Table 25 Solution 4 
Time Titre [V(lV)] [V(lV)] fit 
(mins) (m I) (gll) (gll) 
0 - 1.50 1.50 
3 5.02 1.03 1.01 
8 8.56 0.58 0.59 
12 10.03 0.39 0.42 
17 10.86 0.29 0.31 
21 10.95 0.27 0.26 
30 11.36 0.22 0.19 
35 11.81 0.16 0.17 
40 11.98 0.14 0.15 
45 11.93 0.15 0.13 
49 12.22 0.11 0.12 
54 12.22 0.11 0.10 
59 12.47 0.08 0.09 
Table 26 Solution 5 
Time Titre [V(lV)] [V(lV)] fi 
(mins' (ml) (gll) (gll) 
0 - 1.50 1.50 
3 5.67 0.91 0.87 
7 8.93 0.49 0.43 
11 11.30 0.19 0.21 
16 12.49 0.04 0.08 
25 12.64 0.02 0.02 
%Ox 1.5 
Order 
10.4 0.00 
42.4 0.21 
55.6 0.33 
69.4 0.57 
72.7 0.67 
74.5 0.75 
78.2 0.92 
81.3 1.04 
82.8 1.14 
87.8 1.37 
90.8 1.54 
%Ox 1.5 
Order 
10.4 0.000 
38.3 0.177 
65.3 0.487 
76.6 0.721 
82.9 0.971 
83.6 1.138 
86.7 1.454 
90.2 1.618 
91.5 1.783 
91.1 1.955 
93.3 2.099 
93.3 2.288 
95.2 2.489 
%Ox 1st 
Order 
8.0 0.00 
44.3 0.54 
69.8 1.26 
88.3 1.98 
97.6 2.88 
98.8 4.50 
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H,S Loading (g) 0.5 
pH 8.8 
T~ ~.I 
[V(lV)] ~ 0.5ge.o·381 + 0.9 I e.o·o'7I 
10., (m ins) 8.5 
10.95 (mins) 92.6 
Standard Error of Curve Parameter 
a 0.073 
b 
c 
d 
Av. variation of fit from result-
d[V(lV)]/dt t=O 
H,S Loading (g) 
pH 
TOC 
[V(lV)] ~ 1.1 e.o· I81 + O.4e.o·o'5I 
10., (mins) 
10.95 (mins) 
0.109 
0.067 
0.022 
0.006 gll 
0.262 
0.5 
8.8 
25.3 
5.5 
65.7 
Standard Error of Curve Parameter 
a 
b 
c 
d 
Av. variation of fit from result-
d[V(lV)]/dtt=O 
H,S Loading (g) 
pH 
TOC 
[V(lV)] ~ i.5e-O· 1t' 
10., (mins) 
0.058 
0.015 
0.059 
0.004 
0.016 gll 
0.208 
0.5 
8.8 
24.7 
4.0 
10.9' (mins) 17.1 
Standard Error of Curve Parameter 
a 0.045 
b 
Av. variation of fit from result -
d[V(lV)]/dtt=O 
0.011 
0.002 gll 
0.270 
Table 27 
Time Titre [V(lV)] 
(mins\ (ml) (gll) 
0 - 1.50 
4 5.49 0.89 
7 8.30 0.53 
12 10.25 0.28 
21 12.14 0.04 
25 12.31 0.02 
35 12.50 0.00 
Table 28 
Time Titre [V(lV)] 
(m ins (ml) (gll) 
0 
-
2.28 
3 6.67 1.62 
7 9.54 1.25 
II 12.30 0.90 
15 13.42 0.76 
20 14.20 0.66 
24 14.48 0.62 
34 16.31 0.39 
40 16.85 0.32 
49 17.70 0.21 
54 17.77 0.20 
Table 29 
Time Titre [V(IV)] 
(mins' (ml) (gll) 
0 - 1.82 
3 6.75 1.24 
9 10.54 0.76 
13 11.72 0.61 
17 12.29 0.53 
22 12.82 0.47 
27 13.84 0.34 
32 13.82 0.34 
36 14.12 0.30 
41 14.64 0.23 
46 14.68 0.23 
51 15.12 0.17 
56 15.42 0.13 
60 15.55 0.12 
Solution 6 
[V(lV)] fit %Ox 
(gll) 
1.50 12.0 
0.79 43.9 
0.49 66.4 
0.22 82.0 
0.05 97.1 
0.03 98.5 
0.00 100.0 
Solution 7 
[V(lV)] fit %Ox 
(gll) 
2.29 7.7 
1.65 34.4 
1.20 49.2 
0.96 63.4 
0.80 69.2 
0.65 73.2 
0.56 74.6 
0.40 84.1 
0.32 86.9 
0.23 91.2 
0.20 91.6 
Solution 8 
[V(lV)] fit %Ox 
(gll) 
1.83 13.5 
1.24 40.9 
0.76 63.9 
0.63 71.0 
0.53 74.5 
0.45 77.7 
0.38 83.9 
0.32 83.8 
0.28 85.6 
0.24 88.7 
0.21 89.0 
0.18 91.6 
0.15 93.5 
0.13 94.2 
1st 
Order 
0.00 
0.64 
1.12 
1.92 
3.36 
4.00 
-
1.5 
Order 
0.00 
0.12 
0.25 
0.36 
0.46 
0.58 
0.67 
0.93 
1.11 
1.41 
1.60 
1.5 
Order 
0.00 
0.16 
0.40 
0.53 
0.63 
0.75 
0.88 
1.02 
1.14 
1.29 
1.46 
1.64 
1.84 
2.01 
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H,S Loading (g) 0.5 
pH 8.8 
TOC 24.9 
[V(lV)] = 1.5e-O·161 
to5 (mins) 4.4 
to.5 (mins) 19.2 
Standard Error of Curve Parameter 
a 0.076 
b 0.014 
Av. variation of fit trom result - 0.055g11 
d[V(IV)]/dt..., 0.240 
H,S Loading (g) 0.8 
pH 8.8 
TOC 24.9 
[V(IV)] = 0.9ge.()·'" + l.3e.()035. 
to.5 (mins) 7.9 
to.'5 (m ins) 64.0 
Standard Error of Curve Parameter 
a 0.125 
b 
c 
d 
0.046 
0.124 
0.035 
Av. variation of fit trom result - 0.032g11 
d[V(IV)]/dt.... 0.238 
H,S Loading (g) 0.6 I 
pH 8.8 
TOC 25.0 
[V(IV)] = 0.93e.()·'" + 0.ge'()OJ" 
to.5 (mins) 6.3 
to.'5 (mins) 71.3 
Standard Error of Curve Parameter 
a 0.049 
b 
c 
d 
0.025 
0.047 
0.002 
Av. variation of fit trom result - 0.0J7g11 
d[V(JV)]/dt..., 0.271 
Table 30 Solution 9 
Time Titre [V(IV)] [V(IV)] fit %Ox 1.5 H,S Loading (g) 0.46 
(gll) (gll) Order pH 8.8 
0 - 1.37 1.37 12.0 0.000 TOC 24.4 
3 5.80 0.82 0.81 47.5 0.257 [V(IV)] = 0.54e.() 04', + 0.83e.()3, 
8 8.75 0.44 0.45 71.7 0.633 to.5 (mins) 4.2 
12 9.66 0.33 0.34 79.2 0.867 to.95 (m ins) 45.8 
16 10.11 0.27 0.27 82.9 1.071 Standard Error of Curve Parameter 
20 10.32 0.24 0.22 84.6 1.270 a 0.0406 
25 10.65 0.20 0.18 87.3 1.531 b 0.0030 
34 11.38 0.11 0.12 93.3 2.070 c 0.0416 
38 11.34 0.11 0.10 93.0 2.345 d 0.0243 
43 11.67 0.07 0.08 95.7 2.726 Av. variation of fit from result - 0.012 gll 
47 11.70 0.07 0.07 95.9 3.064 d[V(IV)]/dt t=0 0.237 
52 11.94 0.04 0.05 97.9 3.530 
56 11.98 0.03 0.04 98.2 3.943 
Table 31 Solution 10 
H,S Loading (g) 0.31 
Time Titre [V(IV)] [V(IV)] fit %Ox 1st pH 8.8 
(gll) (gll) Order T 'c 24.8 
0 - 0.93 0.93 5.9 0.000 [V(IV)] = 0.93e.()'" 
3 3.71 0.52 0.53 47.6 0.570 to.5 (mins) 3.6 
7 5.80 0.25 0.25 74.4 1.330 to.95 (mins) 15.4 
11 6.96 0.10 0.12 89.2 2.090 Standard Error of Curve Parameter 
16 7.36 0.05 0.04 94.4 3.040 a 0.0217 
29 7.78 0.00 0.00 99.7 5.510 b 0.0094 
Av. variation of fit from result - 0.006g11 
d[V(IV)]/dt... 0.177 
Table 32 Solution II 
H2S Loading (g) 0.76 
Time Titre [V(IV)] [V(IV)] fit %Ox 1st pH 8.8 
(gll) (gll) Order TOC 24.7 
0 - 2.28 2.30 8.5 0.000 [V(IV)] = 2.3e'()·097< 
6 8.37 1.42 1.29 42.9 0.582 to.5 (mins) 7.2 
10 12.16 0.94 0.87 62.4 0.970 to 95 (mins) 31.0 
15 15.38 0.53 0.54 78.9 1.455 Standard Error of Curve Parameter 
25 18.54 0.13 0.20 95.1 2.425 a 0.0916 
36 19.20 0.04 0.07 98.5 3.492 b 0.0070 
47 19.33 0.03 0.02 99.1 4.559 Av. variation of fit from result - 0.077g11 
d[V(IV)]/dt... 0.223 
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Table 33 Solution 12 
Time Titre [V(IV)] [V(lV)] fit %Ox 
(mins) (mll (!!II) (!!II) 
0 - 0.93 0.93 5.9 
3 3.98 0.48 0.48 51.0 
6 4.86 0.37 0.37 62.3 
11 5.27 0.32 0.31 67.6 
15 5.59 0.28 0.28 71.7 
24 6.05 0.22 0.23 77.6 
29 6.19 0.20 0.21 79.4 
32 6.32 0.18 0.19 81.0 
36 6.34 0.18 0.18 81.3 
41 6.42 0.17 0.16 82.3 
49 6.66 0.14 0.13 85.4 
53 6.69 0.14 0.12 85.8 
57 6.99 0.10 0.11 89.6 
Table 34 Solution 13 
Time Titre [V(IV)] [V(lV)] fit %Ox 
(mins) (ml) (gll) (gll) 
0 
-
0.93 0.93 6.9 
5 3.96 0.50 0.50 49.5 
8 4.47 0.43 0.44 55.9 
12 4.82 0.39 0.40 60.3 
19 4.90 0.38 0.36 61.3 
23 5.16 0.34 0.34 64.5 
27 5.22 0.33 0.32 65.3 
32 5.62 0.28 0.30 70.3 
40 .5.80 0.26 0.26 72.5 
44 5.97 0.24 0.25 74.6 
48 6.08 0.22 0.23 76.0 
55 6.25 0.20 0.21 78.1 
59 6.18 0.21 0.20 77.3 
2nd 
Order 
0.00 
1.00 
1.65 
2.17 
2.49 
3.27 
3.78 
4.11 
4.59 
5.24 
6.46 
7.15 
7.91 
2.5 
Order 
0.00 
1.75 
2.32 
2.79 
3.49 
3.93 
4.41 
5.06 
6.28 
6.98 
7.74 
9.25 
10.23 
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H,S Loading (g) 0.31 
pH 8.8 
TOC 25.2 
[V(lV)] ~ 0.54e.()·Slt + 0.3ge.()·022t 
10., (mins) 3.3 
10." (mins) 97.2 
Standard Error of Curve Parameter 
a 0.018 
b 
c 
d 
0.044 
0.014 
0.001 
Av. variation of fit from result - 0.009g11 
d[V(lV)]/dtFO 0.284 
H,S Loading (g) 0.31 
pH 8.8 
TOC 24.9 
[V(IV)] ~ 0.45e.()·44t + 0.48e,O.0151 
10., (mins) 6.3 
10.9' (mins) 152.4 
Standard Error of Curve Parameter 
a 0.020 
b 0.070 
c 
d 
0.015 
0.001 
Av. variation of fit from result - O.Ollgll 
d[V(IV)]/dtt=O 0.205 
Table 35 
Time Titre [V(IV)) 
(mins' (mll (~Il' 
0 - 0.93 
5 3.99 0.52 
8 4.58 0.45 
13 4.68 0.43 
17 5.18 0.37 
21 5.14 0.37 
25 5.33 0.35 
29 5.79 0.29 
34 5.91 0.28 
38 6.08 0.25 
42 6.26 0.23 
45 6.26 0.23 
49 6.30 0.23 
58 6.77 0.17 
Table 36 
Time Titre [V(IV)] 
(mins' (mll (gfll 
0 - 1.50 
8 6.30 0.86 
12 7.10 0.75 
16 7.43 0.71 
20 7.84 0.66 
24 8.06 0.63 
28 8.46 0.58 
32 8.61 0.56 
36 8.73 0.55 
41 9.13 0.50 
46 9.31 0.47 
51 9.39 0.46 
54 9.94 0.39 
59 9.88 0.40 
Solution 14 
[V(IV)] fi %Ox 
(gfll 
0.93 34.1 
0.51 49.3 
0.46 56.5 
0.41 57.8 
0.38 64.0 
0.36 63.5 
0.33 65.8 
0.31 71.5 
0.28 73.0 
0.26 75.1 
0.24 77.3 
0.23 77.3 
0.21 77.8 
0.18 83.6 
Solution 15 
[V(lV)] fi %Ox 
(gfll 
1.50 9.8 
0.85 48.5 
0.76 54.6 
0.70 57.2 
0.66 60.3 
0.62 62.0 
0.59 65.1 
0.56 66.2 
0.53 67.2 
0.50 70.2 
0.47 71.6 
0.44 72.2 
0.42 76.5 
0.39 76.0 
2nd 
Order 
0.00 
0.87 
1.09 
1.34 
1.53 
1.74 
1.96 
2.20 
2.52 
2.81 
3.12 
3.36 
3.71 
4.60 
3rd 
Order 
0.00 
0.93 
1.29 
1.58 
1.85 
2.13 
2.42 
2.73 
3.08 
3.57 
4.13 
4.77 
5.19 
5.97 
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H,S Loading (g) 0.31 
pH 8.8 
TOC 20.0 
[V(IV)] = O.4e.()·" + 0.53e.(),o'9t 
10., (mins) 7.8 
10.9, (mins) 129.0 
Standard Error of Curve Parameter 
a 0.023 
b 
c 
d 
0.123 
0.018 
0.001 
Av. variation of fit from result - 0.0 I 2g!1 
d[V(lV)]/dt... 0.210 
H,S Loading (g) 0.50 
pH 8.4 
TOC 24.9 
[V(lV)] = 0.85e'()oll + 0.65e.()·'" 
10" (mins) 12.6 
10.9' (mins) 170.7 
Standard Error of Curve Parameter 
a 0.023 
b 
c 
d 
0.001 
0.027 
0.030 
Av. variation of fit from result - 0.003g!1 
d[V(IV)]/dtt=O 0.171 
Table 37 Solution 16 
Time Titre [V(lV)] [v(lV)] fi 
(mins' (ml) (gll) (gll) 
0 - 1.50 1.53 
9 9.59 0.41 0.48 
13 10.32 0.31 0.33 
18 11.31 0.19 0.24 
22 10.91 0.24 0.20 
26 11.21 0.20 0.17 
31 11.60 0.15 0.15 
35 11.55 0.16 0.14 
39 11.47 0.17 0.13 
49 11.90 0.11 0.11 
58 12.41 0.05 0.10 
Table 38 Solution 17 
Time Titre [V(IV)] [V(IV)] fi 
(mins' (ml) (gll) (gll) 
0 - 1.50 1.51 
4 6.87 0.71 0.74 
8 8.76 0.47 0.43 
12 10.35 0.27 0.30 
21 10.98 0.19 0.19 
25 11.25 0.16 0.17 
30 11.23 0.16 0.15 
34 11.20 0.16 0.13 
39 11.70 0.10 0.12 
48 11.78 0.09 0.09 
53 11.75 0.09 0.08 
Table 39 Solution 18 
Time Titre [V(lV)] [V(lV)] fit 
(mins\ (ml) (gll) (gll) 
0 - 1.50 1.54 
5 7.60 0.62 0.63 
9 9.88 0.33 0.33 
13 11.21 0.16 0.18 
18 11. 71 0.10 0.10 
22 11.75 0.09 0.07 
27 12.05 0.05 0.05 
36 12.16 0.04 0.03 
40 12.38 0.01 0.03 
44 12.25 0.03 0.02 
49 12.29 0.02 0.02 
54 12.47 0.00 0.01 
%Ox 2.5 
Order 
8.0 0.00 
74.9 2.46 
80.6 4.70 
88.4 8.16 
85.2 10.98 
87.6 13.57 
90.6 16.49 
90.2 18.68 
89.6 20.84 
93.0 26.66 
97.0 32.87 
%Ox 2nd 
Order 
5.3 0.00 
52.8 0.69 
67.4 1.66 
79.6 2.70 
84.5 4.57 
86.5 5.26 
86.4 6.13 
86.2 6.87 
90.0 7.88 
90.6 10.05 
90.4 11.47 
%Ox 1.5 
Order 
5.5 0.00 
60.8 0.46 
79.0 0.94 
89.7 1.53 
93.7 2.31 
94.0 2.93 
96.4 3.66 
97.3 4.89 
99.0 5.45 
98.0 6.04 
98.3 6.84 
99.8 7.72 
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H,S Loading (g) 0.50 
pH 8.4 
TOC 24.7 
[V(lV)] = 0.23e'()·o"t + l.3e.()·l7t 
10., (mins) 5.1 
10., (m ins) 74.9 
Standard Error of Curve Parameter 
a 0.135 
b 
c 
d 
Av. variation of fit from result 
d[V(IV)]/dtPO 
0.016 
0.139 
0.030 
0.045 gll 
0.224 
H,S Loading (g) 0.50 
pH 9.6 
T~ ~.9 
[V(lV)] = 0.3Ie'()·o25t + 1.2e'()·'4t 
10., (m ins) 3.9 
10., (mins) 57.8 
Standard Error of Curve Parameter 
a 0.066 
b 0.007 
c 0.069 
d 
Av. variation of fit from result 
d[V(IV)]/dtPO 
0.024 
0.021 gll 
0.296 
H,S Loading (g) 0.50 
pH 9.9 
T~ ~.9 
[V(lV)] = O.l4e.()·04Jt + 1.4e.()·'t 
10., (mins) 3.9 
10 .• , (mins) 21.4 
Standard Error of Curve Parameter 
a 0.076 
b 
c 
d 
Av. variation offit from result 
d[V(IV)]/dtPO 
0.018 
0.076 
0.013 
0.016 gll 
0.286 
Table 40 Solution 19 
Time Titre [V(IV)) [V(lV)] fi 
(mins) (ml) (gII) (gll) 
0 
-
1.50 1.50 
7 3.63 1.20 1.22 
11 3.85 1.17 1.16 
15 4.17 1.13 1.12 
18 4.39 1.10 1.11 
26 4.69 1.06 1.08 
30 4.67 1.06 1.06 
35 4.75 1.05 1.05 
38 4.89 1.04 1.04 
42 4.90 1.04 1.03 
47 5.12 1.01 1.02 
51 5.14 1.00 1.01 
55 5.14 1.00 1.00 
Table 41 Solution 20 
Time Titre [V(lV)] [V(lV)] fi 
(mins) (ml) (gll) (gll) 
0 - 1.50 1.51 
4 3.18 1.21 1.24 
7 4.28 1.07 1.09 
11 5.29 0.95 0.93 
14 6.41 0.80 0.84 
18 6.80 0.75 0.75 
22 7.47 0.67 0.67 
26 7.61 0.65 0.62 
30 8.28 0.56 0.58 
34 8.50 0.54 0.54 
38 8.63 0.52 0.51 
42 8.90 0.49 0.49 
46 9.02 0.47 0.47 
50 9.29 0.44 0.45 
54 9.36 0.43 0.43 
%Ox 8th 
Order 
9.8 0.00 
27.9 0.20 
29.6 0.30 
32.1 0.38 
33.8 0.43 
36.1 0.54 
35.9 0.59 
36.5 0.65 
37.6 0.69 
37.7 0.75 
39.4 0.83 
39.5 0.89 
39.5 0.96 
%Ox 2.5 
Order 
7.4 0.00 
25.0 0.19 
33.7 0.35 
41.7 0.58 
50.5 0.76 
53.5 1.01 
58.8 1.27 
59.9 1.51 
65.2 1.75 
66.9 1.97 
68.0 2.19 
70.1 2.40 
71.0 2.60 
73.1 2.80 
73.7 3.00 
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H,S Loading (g) 
pH 
TOC 
[V(IV)] = I. I 5e-O0()260 + 0.35e-O·2I 
10, (mins) 
10.95 (m ins) 
0.50 
8.8 
24.9 
129.3 
Standard Error of Curve Parameter 
a 0.015 
b 0.000 
c 0.018 
d 0.025 
Av. variation of fit from result - 0.002 gll 
d[V(lV)]/dt t=O 0.073 
H,S Loading (g) 0.50 
pH 8.8 
TOC 24.7 
[V(IV)] = 0.65e-O,00,. + 0.86e-o o ••• 
10., (m ins) 17.6 
10.95 (mins) - 270.0 
Standard Error of Curve Parameter 
a 0.119 
b 
c 
d 
Av. variation of fit from result-
d[V(lV)]/dt ... 
0.004 
0.114 
0.013 
0.017g11 
0.079 
Table 42 
Time Titre [V(IV)] 
(m ins) (ml) (gll) 
0 
-
1.50 
4 3.40 1.24 
8 4.47 1.l0 
12 4.81 1.06 
16 5.32 0.99 
19 5.55 0.96 
24 5.71 0.94 
28 5.79 0.93 
33 5.75 0.94 
37 6.13 0.89 
40 6.21 0.88 
45 6.13 0.89 
50 6.43 0.85 
54 6.34 0.86 
58 6.38 0.86 
Table 43 
Time Titre [V(IV)] 
I (mins) (ml) (gll) 
0 - 1.50 
3 4.85 1.02 
7 7.27 0.71 
12 9.94 0.37 
16 11.46 0.18 
20 11.35 0.19 
25 12.21 0.08 
29 12.26 0.08 
33 12.45 0.05 
37 12.77 0.01 
42 12.76 0.01 
Solution 21 
[V(IV)] ft %Ox 
(gll) 
1.49 10.5 
1.24 26.0 
1.l0 34.1 
1.03 36.7 
0.99 40.6 
0.97 42.4 
0.94 43.6 
0.93 44.2 
0.91 43.9 
0.90 46.8 
0.89 47.4 
0.88 46.8 
0.87 49.1 
0.86 48.4 
0.85 48.7 
Solution 26 
[V(IV)] fit %Ox 
(gll) 
1.49 8.6 
1.04 37.6 
0.64 56.4 
0.35 77.1 
0.22 88.8 
0.14 88.0 
0.07 94.7 
0.05 95.0 
0.03 96.5 
0.02 99.0 
0.01 98.9 
8th 
Order 
0.00 
0.16 
0.44 
0.75 
1.04 
1.21 
1.47 
1.65 
1.87 
2.04 
2.18 
2.43 
2.70 
2.93 
3.18 
1st 
Order 
0.00 
0.36 
0.84 
1.44 
1.92 
2.40 
3.00 
3.48 
3.96 
4.44 
5.04 
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H,S Loading (g) 0.50 
pH 8.8 
T~ M~ 
[V(IV)] = e",·oo'91 + 0.4ge"'l7I 
10., (mins) 100.2 
10.95 (mins) 
Standard Error of Curve Parameter 
a 0.002 
b 
c 
d 
Av. variation offtt from result-
d[V(IV)]/dt 1=0 
H,S Loading (g) 
pH 
TOC 
[V(IV)] = 1.5e'''·''' 
10., (m ins) 
10 .• , (mins) 
0.001 
0.002 
0.002 
0.013 gil 
0.086 
0.50 
8.8 
24.9 
6.0 
26.1 
Standard Error of Curve Parameter 
a 0.028 
b 0.004 
Av. variation offtt from result - 0.030 gil 
d[V(lV)]/dt..o 0.179 
Table 44 Solution 27 
Time Titre [V(IV)] [V(lV)] fi 
(m ins' (ml) (gll) (gll) 
0 - 1.50 1.56 
5 4.43 1.11 1.12 
8 5.56 0.96 0.92 
12 6.80 0.80 0.71 
17 8.50 0.59 0.51 
22 9.76 0.43 0.37 
26 11.07 0.26 0.28 
30 11.80 0.17 0.22 
34 12.88 0.03 0.17 
39 12.88 0.03 0.12 
43 13.10 0.00 0.09 
Table 4S Solution 28 
Time Titre [V(lV)] [V(lV)] tit 
(m ins' (ml) (gll) (gll) 
0 - 1.50 1.55 
4 5.56 0.93 0.90 
9 8.94 0.50 0.54 
13 9.93 0.37 0.41 
17 10.00 0.37 0.33 
21 10.80 0.26 0.28 
26 10.74 0.27 0.24 
31 11.01 0.24 0.21 
36 11.49 0.18 0.18 
41 11.43 0.18 0.16 
45 11.83 0.13 0.15 
50 11.88 0.13 0.13 
54 12.14 0.09 0.12 
%Ox 1st 
Order 
10.5 0.00 
33.8 0.33 
42.4 0.53 
51.9 0.79 
64.9 1.12 
74.5 1.45 
84.5 1.72 
90.1 1.98 
98.3 2.24 
98.3 2.57 
100.0 2.84 
%Ox 1.5 
Order 
8.6 0.00 
43.1 0.25 
69.3 0.56 
77.0 0.76 
77.5 0.94 
83.7 1.08 
83.3 1.23 
85.3 1.38 
89.1 1.53 
88.6 1.68 
91.7 1.81 
92.1 1.98 
94.1 2.12 
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H,S Loading (g) 
pH 
TOC 
[V(lV)] = 1.56e.o 066• 
10., (mins) 
10.9' (mins) 
0.50 
8.8 
24.8 
10.5 
45.2 
Standard Error of Curve Parameter 
a 0.065 
b 0.005 
Av. variation of tit from result - 0.048 gll 
d[V(IV)]/dtMl 0.103 
H,S Loading (g) 
pH 
TOC 
[V(lV)] = l.Ie.o·21 + 0.45e.o·02" 
105 (mins) 
10.9' (mins) 
0.50 
8.8 
24.9 
5.4 
71.9 
Standard Error of Curve Parameter 
a 0.094 
b 0.028 
c 
d 
Av. variation of fit from result-
d[V(IV)]/dt"", 
0.093 
0.006 
0.029 gll 
0.231 
Table 46 Solution 29 
Time Titre [V(IV)] [V(IV)] fi 
I (m ins' (ml) (gll) (gll) 
0 - 1.50 1.49 
4 4.92 1.03 0.92 
8 8.66 0.56 0.61 
12 10.01 0.38 0.45 
16 10.43 0.33 0.35 
21 10.46 0.33 0.28 
25 10.96 0.26 0.25 
29 11.22 0.23 0.22 
34 11.32 0.22 0.19 
38 11.45 0.20 0.18 
43 11.60 0.18 0.16 
47 11.92 0.14 0.15 
56 12.45 0.07 0.12 
61 12.23 0.10 0.11 
Table 47 Solution 30 
Time Titre [V(IV)] [V(IV)] fit 
(mins) (ml) (gin (gin 
0 - 1.50 1.47 
5 4.90 1.00 0.93 
9 7.15 0.71 0.69 
13 8.60 0.52 0.54 
18 9.34 0.43 0.43 
22 9.54 0.40 0.38 
26 10.02 0.34 0.35 
31 9.95 0.35 0.32 
35 10.10 0.33 0.30 
43 10.47 0.29 0.28 
48 10.52 0.28 0.27 
52 10.64 0.26 0.26 
56 10.55 0.27 0.25 
61 10.87 0.23 0.24 
%Ox 1.5 
Order 
9.8 0.00 
37.8 0.23 
66.6 0.46 
77.0 0.68 
80.2 0.87 
80.5 1.06 
84.3 1.20 
86.3 1.3 I 
87.1 1.45 
88.1 1.56 
89.2 1.69 
91.7 1.80 
95.8 2.06 
94.1 2.22 
%Ox 1.5 
Order 
7.4 0.00 
38.6 0.21 
56.3 0.38 
67.7 0.54 
73.5 0.70 
75.1 0.80 
78.9 0.88 
78.3 0.95 
79.5 1.00 
82.4 1.07 
82.8 J.JI 
83.8 J.J4 
83.1 J.J7 
85.6 J.21 
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H,S Loading (g) 
pH 
TOC 
[V(IV)] = J.Jeo.17t + 0.3ge-O·o'lt 
10 .. (mins) 
10" (mins) 
0.50 
8.8 
24.8 
5.8 
78.6 
Standard Error of Curve Parameter 
a 0.140 
b 0.033 
c 
d 
Av. variation of fit from result-
d[V(IV)]/dt..o 
H,S Loading (g) 
pH 
TOC 
[V(IV)] = 1.1 e-O, 131 + 0.37e,0.0071 
10., (mins) 
10 ,,(mins) 
0.138 
0.009 
0.044 gll 
0.195 
0.50 
8.8 
24.9 
8.1 
245.4 
Standard Error of Curve Parameter 
a 0.052 
b 
c 
d 
Av. variation of fit from result -
d[V(IV)]/dt t=O 
0.010 
0.052 
0.003 
0.026 gll 
0.146 
APPENDIX 4 INTEGRATED RATE PLOTS 
Figure 76 Third Order Plot of Solution I 
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Figure 78 First Order Plots of Solutions 5 and 6 
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Figure 79 1.5 Order Plots of Solutions 7,8 and 9 
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Figure 80 First Order Plots of Solution 10 and I I 
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Fjgure 81 Second Order Plot of Solution 12 
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Figure 82 
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Figure 84 
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Figure 86 
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Figure 88 
Figure 89 
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Figure 90 First Order Plots of Solutions 26 and 27 
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APPENDIX 5 CALCULATION OF THE ERROR IN THE RATE CONSTANT 
In order to evaluate if the differences between values ofthe experimental rate constant k was 
significant it was necessary to estimate the error in the rate constant. This was calculated as follows; 
I) Error in First-Order Rate Constant 
The first order rate law = - d[V(IV)]/dt = k [V(lV)] 
All the first order reactions are of the type [V(lV») = aeb• 
and -d[V(lV)]/dt = baeb• 
Therefore 
k = (-d[V(IV»)/dt) I [V(IV)] = b 
The standard error orb is calculated during curve fitting therefore the error in k is the standard error 
of b 
2) Error in nth-Order Rate Constant 
The nth order rate law = - d[V(lV)]/dt = k [V(lV)]" 
All the first order reactions are of the type [V(IV)] = aeb• + ce'" 
and - d[V(lV)]/dt = bae-b• + dce'" 
Therefore 
bae-b• + dce-d· = k( ae-b• + ce-d·)" 
Att=O 
ba+dc=k(a+c)" 
If ba+dc =y and (a+c)" = z, the error in k=ll.k, z=ll.z, y=ll.y then 
k+ll.k = (y +ll.y) I (z +ll.z) 
The error in y and z can be determined as follows; 
Ify = ba + dc then y+ll.y = (a+ll.a)(b+ll.b) + (c+ll.c)(d +ll.d) 
expanding this equation, subtracting y = ba+cd and ignoring parameters that tend to 0 
ll.y = ll.ab + ll.ba +ll.cd +ll.dc 
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g 
Ifz = (a + c)' then z + ll.z =( a +ll.a + c +ll.c)' 
and ll.z = (a +ll.a + c +ll.c)' - (a + c)' 
a,b,c,d are the equation parameters and the error in these values given during curve fitting therefore 
the values of ll.z and ll.y can calculated easily. 
The error in the rate is calculated as follows; 
rearranging 
k+ll.k = (y +ll.y) / (z +ll.z) 
(k+ll.k )(z +ll.z) = y +ll.y 
expanding and dividing by y =kz gives 
ll.kIk + ll.zlz + (ll.k ll.z )/kz = ll.y /y 
rearranging and assuming (ll.k ll.z )/kz « ll.y /y - ll.zlz 
gives ll.kIk =ll.y /y - ll.zlz 
The value of ll.k was calculated for each solution and summarised in Table 48, Chapter 8. 
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